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RESUMO 
 
Este trabalho possui três frentes de pesquisa principais: 1) O estudo do fracionamento 
da gramínea capim elefante, visando à obtenção de nanopartículas de celulose e a 
quantificação de co-produtos; 2) O estudo de processos para desconstruir a parece 
celular vegetal por cristalização de sais; e 3) A preparação e caracterização de 
nanocompósitos poliméricos com nanocristais de cellulose. Na primeira frente de 
pesquisa, foram comparados três pré-tratamentos diferentes para deslignificar e 
branquear a biomassa: 1. Peróxido alcalino concentrado (CP); 2. Peróxido alcalino 
diluído (DP); e 3. Pré-tratamento ácido-alcalino (AA). As metodologias empregadas 
resultaram em nanocristais de celulose (12-16% m/m de rendimento), nanofibrilas de 
celulose (3,8-9,7%), açúcares fermentáveis (22,1–25,2%) e licores ricos em lignina 
(16-21,1%) a partir do capim elefante. Em relação à desconstrução da parede celular 
por meio da cristalização de sais, os sulfatos de sódio e de magnésio mostraram-se 
eficazes. Análises de FESEM mostraram que a cristalização desses sais exerce alta 
pressão nas paredes celulares da biomassa, rompendo-a e destacando fibras antes 
compactas. A desfibrilação mecânica da celulose por cisalhamento também foi obtida, 
utilizando-se uma solução de sulfato de magnésio 30% (m/v), juntamente com glicerol 
e solução diluída de hidróxido de sódio (5% m/m). Por fim, na terceira parte do 
trabalho, nanocompósitos poliméricos de PLLA e PLDLA foram preparados com 
nanocristais de celulose nas concentrações de 1,0; 2,5 e 5,0% (m/m), após 
modificação com o surfactante Tween 20. Para os filmes nanocompósitos produzidos 
com 1 e 5% (m/m) de nanocristais em PLLA, a resistência à tração aumentou 25% em 
relação ao polímero puro. No PLDLA, a incorporação de 1% (m/m) de nanocristais 
tratados com Tween 20 promoveu aumento de 77% na resistência à tração e de 66% 
no módulo de elasticidade. Após 120 dias de degradação in vitro em tampão fosfato, 
os nanocompósitos de PLLA fragmentaram-se, o que não ocorreu para os 
nanocompósitos de PLDLA. 
 
 
 
ABSTRACT 
 
This work has three main research fronts: 1) The study of elephant grass fractionation, 
aiming at the production of cellulose nanoparticles and the quantification of co-
products; 2) The study of processes to deconstruct plant cell wall by salt crystallization; 
and 3) The preparation and characterization of polymeric nanocomposites with 
cellulose nanocrystals. In the first research topic, three different pretreatments for 
delignification and bleaching of biomass were compared: 1. Concentrated alkaline 
peroxide (CP); 2. Dilute alkaline peroxide (DP); and 3. Acid-alkaline (AA). These 
methodologies resulted in cellulose nanocrystals (at 12-16% w/w yields), cellulose 
nanofibrils (3.8-9.7%), fermentable sugars (22.1-25.2%) and liquors rich in lignin (16-
21.1%) from elephant grass. In which concerns the cell wall deconstruction by salt 
crystallization, sodium and magnesium sulfates proved to be very effective. FESEM 
analysis showed that the crystallization of these salts exerted high pressure on the 
biomass cell walls, breaking its structure and detaching fibers that were previously 
compact. Mechanical defibrillation of cellulose by shearing was also achieved using a 
magnesium sulfate solution (30% w/v) together with glycerol and a 5% (w/w) sodium 
hydroxide solution. Finally, in the third part of this work, PLLA and PLDLA polymeric 
nanocomposites were prepared with cellulose nanocrystals at concentrations of 1.0; 
2.5 and 5.0% (w/w), after modification with the surfactant Tween 20. In nanocomposite 
films produced with 1 and 5% (w/w) of nanocrystals in PLLA, the tensile strength 
increased 25% as compared to the pure polymer. In PLDLA, the incorporation of 1% 
(w/w) of nanocrystals treated with Tween 20 lead to an increase of 77% in tensile 
strength and of 66% in the modulus of elasticity. After 120 days of in vitro degradation 
in phosphate buffer, PLLA nanocomposites fragmented, which was not observed for 
PLDLA nanocomposites. 
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modified with Tween 20 in 1:1 ratio 
PLLA-T20 PLLA combined with 5% (w/w) Tween 20 
 
s-MS Dried AA swollen in water, oven dried at 45 °C with 30g/100mL 
magnesium sulfate solution 
s-MS-2sh s-MS submitted to a shear step with glycerol, followed by shearing 
with 5% (w/w) sodium hydroxide 
s-MS-shG1 s-MS subjected to a shear step with glycerol 
s-MS-shH1 s-MS subjected to a shear step with 5% (w/w) sodium hydroxide 
Tc Crystallization temperature 
TEM Transmission Electron Microscopy 
Tg Glass transition temperature 
Tm Melting temperature 
Tween 20 Polyoxyethylene (20) sorbitan monolaurate 
∆Hc Enthalpy of crystallization 
∆Hm Enthalpy of melting 
µm Micrometer 
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I. GENERAL INTRODUCTION 
 
In a biorefinery, the valorization of lignocellulosic biomass begins with the 
fractionation of its main constituents: cellulose, hemicellulose and lignin1, which are 
later directed to obtain products with high added value, such as biofuels2,3, 
chemicals1,4 and nanocellulose5. Perennial grasses are a promising source of 
lignocellulose to obtain these products, since they occupy a vast part of Brazilian 
territory, about 140 000 ha, being used as pasture for beef cattle1,6. The particular 
interest in elephant grass (Pennisetum purpureum) is attributed to its high 
productivity and the possibility of its use for energy production6. 
The term "nanocellulose" refers to the cellulosic material containing at 
least one of the dimensions in the nanometre scale, such as cellulose nanocrystals 
(CNC) and nanofibers (CNF)7. Recently, they have been used in the elaboration of 
sustainable and eco-friendly materials due to their excellent properties, such as 
stiffness, high surface area, low density, biodegradability, biocompatibility, 
renewability and low cost7–9. These nanoparticles are used in the production of 
aerosols, emulsifiers, biomedical materials and electronic devices. They have also 
been incorporated in low concentrations as dispersed phase in biodegradable 
organic polymer matrices, acting as reinforcing agents, and forming transparent 
composites with improved mechanical properties9,10. 
Cellulose nanocrystals are crystalline structures obtained by hydrolysis of 
the cellulose substrate with concentrated acid (60-64% w/w). This process removes 
the cellulose amorphous regions of cellulose fibers, leading to rod-like crystalline 
nanostructures. Prior to the acid hydrolysis step, pretreatments are required to 
remove the non-cellulosic constituents of the substrate, mainly hemicellulose and 
lignin. Considering that cellulose represents only a fraction of the lignocellulosic 
substrate (typically 30-50%), and that only part of this cellulose is crystalline, the 
mass yields of nanocrystals achieved by these methods are typically low (less than 
15% of the raw biomass and about 50% using delignified biomass as the starting 
material)10,11.  
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Therefore, to obtain a more integral, sustainable and economically 
profitable use of lignocellulosic biomass, it is important to focus not only in the final 
product, but also in the large number of co-products, released during the 
pretreatment steps of the biomass in natura. This is the approach investigated in 
chapter 2 of this thesis: the improvement of fractionation methods to prepare 
cellulose nanoparticles from elephant grass, but also quantifying useful high-value-
added co-products generated during the process. 
Through chemical or physical pretreatments, the biomass is fractionated in 
its main constituents, which can be recovered and directed to obtain useful products. 
For instance, the sugars obtained from the hydrolysis of cellulose and hemicellulose 
can be converted by biotechnological routes into different industrial products, such as 
ethanol, butanol, succinic acid, lactic acid, and polymers12–14. Lignin in turn can be 
used to produce vanillin, emulsifiers, phenolic resins and nanolignin13,15,16. 
In addition, pretreatment steps alter the compact and waterproof character 
of lignocellulosic biomass, producing cellulosic substrates more susceptible to 
chemical and mechanical attacks8,17. The pretreatment stages promote significant 
morphological changes in plant biomasses, for example, the increase in surface 
area, roughness and porosity. This happens as a consequence of the removal or 
redistribution of hemicellulose, lignin and extractives18. Thus, morphological analysis 
by scanning electron microscopy is an important tool to understand the mechanisms 
of the breakdown of plant cell wall. 
An original pretreatment methodology was also studied in this work, based 
on the potential of crystallization pressure of salts (magnesium sulphate and sodium 
sulphate) to rupture cell walls and to facilitate its defibrillation. Due to the porous 
nature of the delignified cellulosic substrates, solutions of salts may diffuse into their 
structures and, upon crystallization in the confined environment, they may damage 
the solid19,20.  
This is a well-known phenomenon in the area of civil construction, where 
salt solutions penetrate into concrete porous pieces and then rupture their structure 
when their crystals grow19,21. However, it is the first time this principle of salt 
crystallization pressure is used to promote the breakdown of porous lignocellulosic 
biomass. Salts such as magnesium sulphate and sodium sulphate were used for this 
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purpose, since they exert high pressure when crystallizing in confined environments. 
The damages caused by their crystallization in elephant grass structure were 
evaluated by field emission scanning electron microscopy (FESEM). A method to 
promote cell wall defibrillation was also implemented here, using a concentrated 
solution of magnesium sulphate and glycerol, associated to mechanical shear. In this 
way, this work aims to contribute with new alternatives to achieve cell wall 
deconstruction and to isolate cellulose nanoparticles with low energy cost 
technologies and still using non-toxic chemicals for humans and for the environment. 
The third research front of this work dealt with polymer nanocomposites 
prepared using cellulose nanocrystals isolated from elephant grass and 
biodegradable polymers, aiming at the improvement of their mechanical properties 
and degradability. Polymeric biomaterials derived from polyhydroxyalcohols, such as 
poly (L-lactic acid) (PLLA) and poly (L-co-D,L-lactic acid) (PLDLA), are biocompatible 
and bioabsorbable. After some time in contact with body fluids, they degrade and are 
metabolized, thus eliminating the need of a new surgery to remove the implant22–26. 
This is the major advantage of these polymers, which are used for the production of 
orthopaedic pins, sutures and in tissue engineering.  
Cellulose nanocrystals were incorporated to PLLA and PLDLA matrices to 
modify their mechanical properties, namely their tensile strength, Young´s modulus 
and enlogation. Though PLLA is a quite stiff polymers, PLDLA can be reinforced by 
CNC addition. Degradation caracteristics (mass loss and degradation time) of these 
polymers are also expected to range in the presence of CNC. 
This thesis was structured in four chapters. The first one contains a brief 
literature review introducing the following topics: the properties of lignocellulosic 
biomass pretreatments and processes for obtaining cellulose nanocrystals and 
nanofibrils; the main properties of nanocomposites produced with cellulose 
nanocrystals; cristallization theory and damages caused by sodium and magnesium 
sulphate cristallization. In the second chapter, the study of elephant grass 
fractionation for the production of cellulose nanocrystals is presented, aiming at the 
integral use of this biomass, as recently published by our research group27. The third 
chapter contains the study on the potential of the crystallization pressure of salts to 
break the cell wall of elephant grass leaves. Finally, in the fourth chapter, the 
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reinforcement properties of cellulose nanocrystals isolated from elephant grass in 
polymers derived from poly (lactic acid) were evaluated, as well as the influence of 
nanocrystals on the in vitro degradation of these polymers. 
 
II. OBJECTIVES 
The main objectives of this work were: 
(1) To improve the methods of cell wall fractionation of elephant grass to 
obtain cellulose nanoparticles, but also to identify and quantify useful high-value-
added co-products generated during the process, aiming at the full use of the 
biomass components; 
(2) To evaluate the potential of the crystallization pressure of magnesium 
and sodium sulphate salts to break the cellulosic cell wall and to stablish new 
methodologies for cellulose mechanical fibrillation using magnesium sulphate; 
(3) To use the cellulose nanocrystals extracted from elephant grass as 
reinforcement agents in poly (L-lactic acid) (PLLA) and poly (L-co-D,L-lactic acid) 
(PLDLA) and to evaluate the effect of these nanoparticles on the degradability, 
mechanical and thermal properties of these polymers.
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CHAPTER 1   –   LITERATURE REVIEW 
 
1.1 Composition of lignocellulosic biomass and the concept of biorefinary 
Lignocellulosic biomass is a resistant polymeric composite, mainly 
formed by cellulose (30-50%), hemicellulose (20-30%), lignin (10-30%) and 
extractives (5-15%)10,28–30. Biomass from grasses, wood, forest or agroindustry 
residues is considered a renewable source of carbon. Plants synthesize chemicals, 
using solar energy, carbon dioxide and water from the environment, while releasing 
oxygen. This cycle continues without human intervention. Harvesting and using plant 
biomass is carbon neutral and do not affect the environment, as does the biomass 
combustion that releases energy, carbon dioxide and water. Using plant biomass as 
the starting material in a biorefinery is thus a compelling strategy to ensure the 
biomass production and consumption cycle, meeting human needs for energy and 
chemicals4,31. 
Biorefinery is a concept that consists in converting renewable 
lignocellulosic biomass into chemicals, energy and materials in an integrated way, 
replacing the use of petroleum and other non-renewable sources. In this context, the 
development of techniques capable of fractionating and converting the main 
components of plant biomass (cellulose, hemicellulose, lignin and extractives) into 
chemicals or materials is the key to make the world economy based on plant 
biomass31,32. 
On the other hand, the conversion of plant biomasses into fine chemicals 
and polymers faces a major challenge related to cell wall recalcitrance. 
Lignocellulose evolved to resist degradation, both by biological or chemical agents. 
To modify its morphology and its physical and chemical characteristics, pretreatment 
stages need to be applied, but these are costly and energy-intensive procedures. 
Thus, although lignocellulosic materials are abundant and generally low-priced, the 
crucial challenge in converting lignocellulosic biomass is to produce value-added 
chemicals at low cost and with high selectivity and yields4,33. 
Most of the studies that have been developed so far are focused in 
obtaining single products from lignocellulosic biomass, for instance cellulose fibers34, 
nanocrystals35, or nanofibrils36, hemicellulose37, silica37, or lignin. A more recent 
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approach, however, proposes the fractionation and recovery of all the constituents of 
the plant biomass, in order to make the process economically feasible and 
sustainable37. Figure 1.1 shows some examples of products that could be obtained 
from the main constituents of the lignocellulosic biomass, including nanoparticles, 
polymers, fuels and chemicals in general4,38–40. 
 
Figure 1.1 Biorefinery platform based on lignocellulosic biomass, showing products 
derived from cellulose, hemicellulose, lignin and extractives1,4,5 
 
1.2 Biomass recalcitrance 
The structural diversity, the heterogeneity and the hierarchical 
organization of the lignocellulosic biomass both in micro and nanoscale render the 
plant tissues waterproof and resistant to chemical and mechanical damaging18,41. In 
Figure 1.2, FESEM images of the cross section of elephant grass leaves show the 
different morphological tissues and the porosity of the whole structure. In the center 
of the cross section, the vascular bundles of xylem and phloem can be observed. 
Xylem is a highly lignified tissue, with vessels of large diameter (15-400 µm) that 
conduct water and mineral salts from roots to the upper parts of the plant. Phloem is 
also a vascular tissue, containing bundles of vessels with smaller diameter that drive 
the photosynthesis products to the whole plant. The external part of the leaf is 
LIGNOCELLULOSIC BIOMASS
CELLULOSE
Nanocelluloses
Chemicals
Fuels
Materials
HEMICELLULOSE
Biofilms
Polymers
Chemicals
Fuels
LIGNIN
Phenols
Adhesives
Resins
EXTRACTIVES
Tannins
Steroids
Fatty acids
29 
STUDY OF ELEPHANT GRASS FRACTIONATION TO PRODUCE BIOMATERIALS AND USE OF SALT 
CRYSTALLIZATION PRESSURE TO DEFIBRILLATE THE PLANT CELL WAL 
 
covered by the cuticle layer, rich in waxes that act as a barrier against water and 
parasites. Other important tissues present in the leaves (not indicated in Figure 1.2) 
are parenchyma and sclerenchyma. Parenchyma cells are used to store substances, 
such as sugars and starch that can be used as energy sources for the plant when 
needed. In turn, the sclerenchyma tissue is formed by cells with thick and lignified 
secondary walls and contributes to support the plant mechanically, together with the 
xylem and the phloem42,43.  
 
 
Figure 1.2 FESEM images of the cross section of elephant grass leaves, showing 
xylem, phloem and the cuticular layer (Source: own author). 
 
Himmel et al.41 emphasize that the recalcitrance of plant biomass to both 
chemical and enzymatic treatments is attributed to natural factors intrinsic to plant 
tissue such as: 1) the epidermal tissue, the cuticle and the epicuticle layers, and the 
presence of waxes in these tissues; 2) the arrangement and the density of vascular 
bundles; 3) the relative amount of sclerenchyma tissue; 4) the degree of lignification; 
and 5) the structural heterogeneity and complexity of cell wall constituents, such as 
microfibrils and matrix polymers. Therefore, the study of the biomass morphology 
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before and after the pretreatment steps is important to understand the deconstruction 
of the plant cell wall and the efficiency of the methods used.  
 
1.3 Porosity 
Pore sizes in plant biomass can vary and are classified by IUPAC 
according to their diameter as macropores (pores > 50 nm), mesopores (2 nm < 
pores < 50 nm) and micropores (pore < 2 nm)44. Xylem vessels, for example, have 
diameters that can be classified as macropores, and are interconnected by pits, 
which also show diameters in the macropore range (from 0.4 to 30 µm). Within the 
lumen of cells, on the other hand, liquids diffuse into pores with a few nanometer 
diameters (micropores and mesopores)45. 
The presence of capillaries, micropores and interstices normally identified 
as voids between elemental fibrils and microfibrils in the cell wall structure are 
relevant for the diffusion of chemicals and/or solvents during physico-chemical 
pretreatments of the lignocellulosic substrate46. In studies that aim to evaluate the 
degree of swelling of cellulosic fibers by water and organic solvents, a pretreatment 
with concentrated sodium hydroxide (typically higher than 17% w/v) is generally 
carried out to increase the surface area and the wetabillity of the studied substrates. 
Given the importance of the porosity of the cellulosic substrates for swelling, 
cellulose drying after the chemical treatments should be avoided in order to prevent 
the irreversible closure of the pores (hornification)46. 
 
1.4 Cellulose 
Cellulose is a highly stable polymer composed of β-D-glucopyranose units, 
which are bound by β -1,4 bonds.  The repeating unit of the cellulose is a dimer of D-
glucose, named cellobiose47. Within the cell wall, the cellulose molecules are held 
together by intra and intermolecular hydrogen bonds (Figure 1.3(a)). Intramolecular 
hydrogen bonds contribute to stabilization, linearization and rigidity of the cellulosic 
chain, while the intermolecular bonds and van der Waals interactions are important 
for the aggregation and the packing of cellulose chains, resulting in the formation of 
cellulose microfibrils10,48,49.   
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Figure 1.3 (a) Cellulose chemical structure, showing β-1,4 bonds and intra and 
intermolecular hydrogen bonds (Figure adapted49); (b) Cellulose fibers showing 
macrofibrils, microfibrils, and cellulose chains organized in crystalline and amorphous 
regions (Figure adapted50). 
Cellulose microfibrils are elemental units with diameter ranging from 3-20 
nm. These structures have crystalline domains intercalated to amorphous regions, on 
which the cellulosic chains are disordered (Figure 1.3(b)). The microfibrils aggregate 
forming the macrofibrils, with diameters that range from 5-50 nm and a length that 
can reach several micrometres10,51. Around 36 cellulose chains are aggregated and 
ordered within the microfibrils through intermolecular hydrogen bonds and van der 
(a) 
(b) 
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Waals forces18. Hydrogen atoms are all in the axial position in cellulose chains, 
whereas the hydroxyl groups are all equatorial. The equatorial hydroxyl groups can 
form hydrogen-bonds with their nearest neighbors, allowing cellulose to crystallize 
into a monoclinic crystalline unit cell for cellulose I (native cellulose)10. Due to the 
distribution of the hydrogen atoms in the axial position and the hydroxyl groups in the 
equatorial position, cellulose presents a hydrophilic and a hydrophobic face, thus 
showing an amphiphilic nature52. Cellulose is insoluble in most conventional solvents 
and has high stiffness, which makes it suitable as a reinforcing dispersed phase in 
polymeric composites10.  
Cellulose is very resistant to acid hydrolysis, because of its unique 
molecular structure, which favors the crystallization and the packaging of the chains. 
A tradicional hydrolysis procedure is used to obtain complete hydrolysis of the 
cellulose, for quantification purposes, for instance53. These procedure takes place in 
two steps: the first one under ambient temperature (30°C) and using concentrated 
acid (72% w/w), followed by a second hydrolysis with dilute acid (3 to 4% w/w) at 
100°C. While the first step is associated to cellulose solubilization, the second one is 
related to the cleavage of cellulose β-1,4 glycosidic bonds54. In Figure 1.4, the 
depolymerization reaction of cellulose by acid hydrolysis is shown.  
 
Figure 1.4 Mechanism of cellulose acid hydrolysis55. 
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1.5 Hemicelullose  
Hemicellulose is the third most abundant component in plant cell wall. This 
term does not refer to a specific chemical compound, but to a mixture of 
polysaccharide polymers of low molar mass, which form branched and amorphous 
chains30,56. Examples of hemicellulose sugars are β-D-glucose, β-D-mannose, β-D-
glucuronic acid, β-D-galacturonic acid, α-D-xylose and α-L-arabinose57, as 
represented in Figure 1.5 (a). Hemicelluloses of grasses contain sugars such as 
xylose, arabinose and glucuronic acid mainly58. Figure 1.5 (b) shows an example of 
the structure of a xylan chain, with xylose units united by β-1,4 bonds in the main 
backbone. Many hydroxyl groups at the C2 and C3 positions of the xylose units can 
be replaced by O-acetyl groups or by glucuronic acid and arabinose, forming lateral 
branches57–59 (Figure 1.5 (b)).  
The hemicellulose is associated to cellulose through hydrogen bonds, 
while the interaction with lignin is carried out through esters bonds between 
hemicellulose and phenolic acids, called ferulate or diferulate18. Hemicelluloses are 
more reactive than cellulose under acid conditions, due to their amorphous nature 
and heterogeneous chemical composition. Most hemicelluloses, especially xylans, 
may be removed from the lignocellulosic substrates with diluted acid over a broad 
range of temperatures from 100 to 170 °C. In addition, acid groups present in the 
hemicellulose structure also contribute to auto-hydrolysis54. 
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Figure 1.5 (a) Hexoses and pentoses that form hemicelulose chains57; and (b) 
representation of hemicellulose structure containing xyloses in the main backbone 
and glucuronic acid and arabinose as lateral substitutes (Figure adapted60).  
 
1.6 Lignin 
Lignin is an aromatic and hydrophobic polymer deposited on the 
secondary cell wall of the plants, creating a tough, waterproof structure. Lignin is also 
present in the conductive tissues of the xylem, where it has the function of reducing 
water permeation, so that the liquid can be conducted up into the vessels. Lignin 
deposition on the cell wall occurs during plant development, but it can also be 
induced by pathogen infection, injury or metabolic stress. This phenolic 
macromolecule protects cellulose and hemicellulose from microbial and chemical 
degradation, but it is one of the limiting factors for the conversion of lignocellulosic 
biomass into pulp, biofuels, chemicals or materials41,61. 
Lignin has a more complex structure as compared to the polysaccharides 
present in lignocellulosic biomass, but has a higher carbon content than oxygen, 
making this polymer interesting for the production of chemicals and fuels. The 
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structure of lignin is formed by three primary precursors: coniferyl alcohol, synapyl 
alcohol and p-coumaryl alcohol (Figure 1.6 (a-c)). These monomers are connected 
through several types of ether and carbon-carbon bonds (Figure 1.6 (d-i)), which 
require different cleavage conditions when selective depolymerization is desired. The 
β-O-4 bond (Figure 1.6 (d)) is the most abundant in hardwood, softwood and 
grasses, with a content that varies from 35-85%, depending on the type of plant. In 
lignin from grasses, structures presented in Figure 1.6 (d-f) prevail15. 
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Figure 1.6 (a-c) Monolignols used in lignin biosynthesis, (d-i) Different chemical 
structures that may be present in native lignin, highlighting in red the target chemical 
bonds for selective depolymerization (Figure adapted15). 
 
Delignification of plant biomass in alkaline medium with sodium hydroxide, 
causes intense fragmentation of lignin (Figure 1.7)15. This treatment provides a liquor 
rich in lignin and solid substrates enriched in polysaccharides. Condensation 
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reactions of lignin are commonly favored in acid medium and they produce an 
accumulation of insoluble lignin. This principle is used to isolate the acid insoluble 
lignin, called Klason lignin. In this method, plant biomass is hydrolyzed, forming a 
liquor and a solid residue. The hydrolysed liquor contains polysaccharide derivatives 
(mono and oligossacharides) and also a small fraction of acid soluble lignin. The 
solid residue is formed by insoluble lignin that undergoes drastic structural changes 
due to the condensation reactions and is collected as precipitate 54. 
 
 
Figure 1.7 Lignin fragmentation reactions in basic medium. L = lignin backbone 
(Figure adapted15).  
 
Native lignin, when isolated with minimal chemical and physical 
modification, has a pale-yellow coloration. Since cellulose and hemicellulose do not 
absorb visible light, the color presented by plant biomass in natura is mainly 
attributed to the presence of phenolic substances, such as flavonoids, stilbenes, 
tannins and quinones, which are derived from the secondary metabolites of the 
plant54 53. However, structural modifications of lignin after acid or basic steps results 
in browning of the lignin. So, after these pretreatments, the solid substrate can 
undergo bleaching steps using sodium hypochlorite or concentrated alkali peroxide to 
vanish the dark color (Figure 1.8)59. 
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Figure 1.8 Bleaching of lignin structures with: (a) hypochlorite and (b) peroxide 
ions57. 
 
1.7 Elephant grass 
The species Pennisetum purpureum, also known as Napier grass, Uganda 
grass or Elephant grass, belongs to the Poaceae family and the genus Pennisetum, 
which has approximately other 140 species62,63. Elephant grass is a perennial C4 
grass, native from Africa, with high dry matter yield (35 tons / hectare of dry matter 
per year), and resistant to severe weather and infertile soils12,63. Due to this ease of 
adaptation, elephant grass has been naturalized in various parts of the tropical and 
subtropical climate world, such as in South and Central America, Asia, and 
Australia63. It is widely used as pasture in Brazil,where grassland plantations occupy 
about 140 000 ha of the territory6,12. Elephant grass is also interesting for biofuel 
production due to its high dry matter production and low nutrient demand, which 
avoids the competition with fertile lands to produce food or biomass for energy12.  
Previous studies showed that grasses such as elephant grass are suitable 
substrates for the production of cellulosic etanol3,12, cellulose fibers34,64 and 
nanoparticles27, though the first study concerning the preparation of cellulose 
nanoparticles from elephant grass was reported only recently by our research 
group27. Moreover, previous to our work, there were no studies dealing with the 
identification and the quantification of useful co-products formed during the process 
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of biomass fractionation to obtain fermentable sugars, lignin or ethanol. The contents 
of hemicellulose, lignin and extractives represent up to 60% (w/w) of the weight of a 
biomass, while cellulose nanocrystals, even at good extraction yields, correspond to 
only about 15% of the biomass in natura. Thus, the use of co-products obtained in 
the intermediary fractionation steps is important to reach full use of elephant grass, 
so that environmental and economic sustainability can be achieved.  
Figure 1.9 shows in (a) a photograph of the elephant grass plantation from 
where the samples used in this work were collected and in (b) a description of the 
general anatomy of the grasses. Elephant grass has a dry matter ratio of leaves/stem 
(L/S) variable according to the growing conditions and the age of the plant. In dry 
climates, L/S = 1, while in rainy climates, this ratio becomes 0.365, and in younger 
plants the L/S ratio can reach 2.9 (40 days of growth)66. 
 
 
Figure 1.9 (a) Photograph of elephant grass plantation (in the Institute of Animal 
Science (Intituto de Zootecnia) in Nova Odessa-SP, Brazil, from where the samples 
were collected (source: Own autor); and (b) anatomy of grasses, identifying different 
parts of the plant67. 
 
1.8 Preparation of cellulose nanocrystals 
Cellulose nanocrystals, also known as cellulose whiskers or nanowhiskers, 
have received great interest both in industry and academia due to their unique 
structural and physicochemical properties at nanoscale. They are abundant in nature, 
(a) (b) 
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biocompatible, biodegradable, renewable, and present tunable surface chemistry, 
optical transparency, low density and reinforcement properties17,47,68,69. Within their 
potential applications are composite materials, biomedical, electronic and optical 
devices69,70. 
Cellulose nanocrystals are nanoparticles with dimensions entirely in 
nanometer scale7,10. Figure 1.10 shows a few examples of cellulose nanocrystals 
extracted from different plants. Cellulose nanocrystals have a high degree of 
crystallinity and modulus of elasticity similar to steel10. Their degree of crystallinity 
and morphology, including the aspect ratio, depend on the plant fiber used and on 
the extraction conditions10,69,71.  
 
 
Figure 1.10 TEM images of nanocrystals isolated from: (a) sugarcane bagasse72 (b) 
golden grass11 and (c) mengkuang leaves42. 
 
The usual process to obtain nanocrystalline cellulose consists of three 
steps: 1) Pretreatment of the biomass in natura to remove the non-cellulosic 
components; 2) Hydrolysis of the cellulosic substrate with concentrated sulfuric acid 
(60-65% (w/w)); 3) Rinsing by dialysis or centrifugation to obtain the nanocrystals 
dispersed in aqueous suspension. 
Figure 1.11 represents the cleavage of microfibrils through acid hydrolysis 
using sulfuric acid to obtain cellulose nanocrystals71. Cellulose matrix is formed by 
microfibrils containing highly crystalline domains intercepted by amorphous regions42. 
Acid hydrolysis is favored in the amorphous domains, and this procedure results in 
crystals dispersed in colloidal suspension and stabilized by sulphate groups 
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distributed on the surface49,73. The Canadian company Celluforce is currently the 
world's largest producer of cellulose nanocrystals (1 ton/day capacity). Celluforce 
uses bleached kraft pulp as a source of cellulose and hydrolysis with sulfuric acid 
(64% wt)5. 
 
Figure 1.11 Representation of the acid hydrolysis with H2SO4 to obtain cellulose 
nanocrystals, where the amorphous regions are firstly consumed, and the more 
crystalline regions resist (Figure adapted49). 
 
1.8.1 Pretreatments 
Pretreatments are an important step to isolate the cellulosic content of a 
plant biomass so that they are useful to produce second generation ethanol or 
nanocelluloses. Pretreatment procedures can be physical (e.g. biomass grinding), 
chemical (e.g. acid, basic and oxidative reactions) or biological (e.g. biomass 
decomposition by fungi), and can be used singly or in combination28,29,74. They can 
remove components, such as lignin, hemicelulose and extractives, or simply change 
the morphology of the substrate. The most common physical changes due to 
pretreatments are the increase in the surface area, in the roughness or in the 
porosity of the substrate, alterations in substrate wettability, generally making them 
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more hydrophilic, and also the reduction in the cellulose degrees of crystallinity or of 
polymerization3,28. 
An effective pretreatment method is characterized by several criteria, such 
as improving cellulose accessibility; favoring the recovery of value-added co-products 
contained in the hydrolysate, for instance, lignin and hemicellulose, limiting 
carbohydrate loss and minimizing the formation of degradation products. Besides 
this, they should be as inexpensive as possible, save energy, avoid harmful 
chemicals and contribute to the integral use of the biomass13,18,28. 
To obtain cellulose nanocrystals, pretreatments should act enriching the 
substrate in cellulose, increasing the accessibility to cellulose macrofibrils, and 
maintaining the crystallinity of the material17,28,71. Commonly, delignification 
treatments with sodium hydroxide, followed by a second bleaching step with sodium 
chlorite35,42,70,74, or hydrogen peroxide72,75 are used for this purpose. 
In basic pretreatments, alkaline solutions of sodium hydroxide, calcium 
hydroxide or ammonia are employed to remove lignin from lignocellulosic substrates, 
and also hemicellulose to a lesser extent. These pretreatments are efficient to 
increase cellulose amounts and the degree of crystallinity in different biomasses. For 
example, Sheltami et. al. extracted cellulose nanocrystals from the leaves of pine 
palms using an alkaline pretreatment (NaOH 4% (w/v), 125 °C, 2h), followed by 
bleaching with sodium chlorite (NaClO2 1.7% (w/v), 125 °C, 2h), a step that was 
repeated several times. After these pretreatment steps, the cellulose content of the 
biomass increased to 81% (against 37% in sample in natura) and the crystallinity 
index increased from 55% to 69.5%. Nanocrystals were then obtained by 
conventional acid hydrolysis42. 
Teixeira et al. treated sugarcane bagasse two times with alkaline peroxide 
(5% NaOH (w/v) + 11% (v/v) H2O2, 55 °C, 90 min), after which the lignin content 
decreased from 27.7 to 5.8% and the bagasse crystallinity index increased to 76%72. 
Teodoro et al., delignified and increased cellulose content of the sisal fiber from 54% 
to 78% after an alkaline pretreatment (NaOH 5 % (w/v), 90 °C, 60 min) followed by 
bleaching with alkaline peroxide (NaOH 5% (w/v) + 16% (v/v) H2O2, 55 °C, 90 min). 
Cellulose nanocrystals could then be prepared from these substrates after hydrolysis 
with sulfuric acid75. 
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The two-step acid-base sequential treatment is also an interesting 
procedure to fractionate hemicellulose and lignin from the lignocellulosic biomass. In 
this treatment, the first acid step is responsible for the hydrolysis of the hemicellulose, 
releasing sugars C6 and C5, while in the second basic step, reactive groups (-OH) 
act mainly on the breakdown of β-aryl ether bonds of lignins, releasing soluble 
fragments of lignin in the liquor2. Previously in this research group, a two-step acid-
base treatment was used to remove up to 96% of the hemicellulose and 88% of the 
lignin from sugarcane bagasse, aiming at the production of cellulosic ethanol. The 
biomass was first treated with 1% (v/v) H2SO4, followed by a second alkaline step, 
with 0.25 to 4% (m/v) NaOH concentrations2. An analogous procedure was used in 
the present work to isolate cellulose from the other cell wall components prior to acid 
hydrolysis to prepare cellulose nanoparticles. 
 
1.9 Processes for obtaining cellulose nanofibrils (CNF) 
Nanofibrillar cellulose, also called cellulose nanofibrils, consists of a set of 
cellulose chains, which can be the smallest structural unit of the fiber or not. It 
presents amorphous and crystalline domains, modulus of elasticity ranging from 145-
150 GPa (as measured by atomic force microscopy) and a high aspect ratio, since its 
diameter ranges from 4-60 nm and its length has several micrometers7,8,10. CNF can 
be obtained by purely mechanical treatments or by combining mechanical and 
chemical treatments, or even by biological treatments using fungi or enzymes8. The 
main mechanical treatments used to defibrillate cellulose are homogenization at high 
pressure, microfuidization and griding. Other techniques also employed are 
cryocrushing and ultrasonication7,8. Figure 1.12 shows the morphology of cellulose 
nanofibrils obtained by griding, fungi action and ultrasonication from different plant 
sources. 
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Figure 1.12. Morphology of cellulose nanofibrils obtained by: (a) grinder of pulp 
fibers76; (b) treatment with fungi in orange peal77; and (c) ultrasonication of 
microcrystalline cellulose78 
In high pressure homogenization, the diluted suspensions of prerefined 
cellulose fibers are pumped at high pressure (up to 500 bar) through a spring valve 
assembly. As this valve opens and closes in rapid succession, fibers undergo large 
impact and shear forces, which are performed in ca. 10-15 cycles7,8,79. This 
combination of forces promotes a high degree of fibrillation of the cellulose fibers, 
resulting in CNF production. Microfluidization is a process similar to high pressure 
homogenization, but the cellulosic suspension passes through a Z chamber, where 
the pressure is intensified and can reach up to 140 bar. In this method, the cellulosic 
material undergoes greater impact and shear force, so that a higher level of 
fibrillation can be achieved, reducing the number of cycles in the process and, 
consequently, the energy required7,8,79. Cryocrushing is a method in which cellulose 
fibers are frozen using liquid nitrogen and then large shear forces are applied. During 
the shearing process, the ice crystals press the cell walls, releasing the microfibrils7,8. 
Finally, ultrasonication uses hydrodynamic ultrasound forces to produce CNF. In the 
process of cavitation, high energy waves induce the formation, the expansion and the 
implosion of microscopic gas bubbles, which act in the disintegration of the cellulosic 
wall8. 
Pretreatment stages are also important for the production of cellulose 
nanofibrils, because they reduce the energy cost of the process. Bhatnagar and 
Sain80 obtained nanofibrils from flex and hemp, after applying a three step 
pretreatment to these biomasses: 1) an alkaline step with 17.5% (w/v) NaOH, 
followed by 2) an acid step (1M HCl, 60-80 C) and 3) an alkaline step (NaOH 2% 
w/v, 60-80 C, 2h). According to the authors, the first basic step is important to 
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increase the surface area and to let the polysaccharides more susceptible to 
hydrolysis in the second acid pretreatment step. The third step was important to 
remove the remaining lignin and hemicellulose. As a result, the cellulose content of 
the in natura fibers increased from 75% to 95% after this pretreatment80. 
Nascimento and colaborators81 isolated cellulose nanofibrils from rice hulls 
after treating this biomass with an alkaline solution (NaOH 5% (w/v), 90 °C, 90 min), 
followed by a treatment using a mixture of paracetic acid and hydrogen peroxide 
(paracetic acid 50% v/v, H2O2 38% v/v and water 12% v/v, 60 °C, 24h). After removal 
of the non-celulosic content, the cristalinity index (CI) of rice hulls increased from 
52% to 68%. The nanofibrils isolated by ultrasonification presented a CI up to 70%, 
diameters < 100 nm and lengths of several micrometers81. 
A new pretratment methodology was studied in this work, based on the 
crystallization pressure of salts. Due to the porous nature of dried lignocellulosic 
substrates, solutions of salts may diffuse into their structures and rupture them, upon 
crystallization in a confined environment. The following sections address concepts 
related to crystallization theory and salt crystallization pressure. 
 
1.10 Crystallization theory 
Crystallization corresponds to the phase transition of a substance present 
in solution, gaseous or molten phase to the crystalline state. A solid is considered 
crystalline if its atoms and molecules are organized in a regular three-dimensional 
structure that repeats throughout the solid. Crystallization occurs in two steps, 
namely nucleation and growth. Nucleation is the first stage of crystallization, where 
small stable crystals (nucleus) are formed and from which the crystal grows in the 
following growth stage. In solutions, nucleation and growth occur in supersaturated 
solutions. In this process, crystallization is favored by evaporation of the solvent or 
variations in temperature82,83. 
In the spontaneous nucleation process, also known as primary nucleation, 
a stable nucleus forms when the solution reaches a certain degree of 
supersaturation. Smaller particles, which have greater surface area than the larger 
particles, will be more soluble, so that clusters (small particles) formed during 
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nucleation will be stable only when they reach a critical size (rc). In this condition, the 
growth of the nuclei is favored by the decrease in the total free energy of the system 
(∆G, dashed line) (Figure 1.13)82–84. Below the critical radius (rc), particles will 
solubilize, since the nucleus are unstable and dissolve in solution. Above rc, the 
nucleus becomes stable and can grow to form a visible crystal. 
 
Figure 1.13 Diagram showing the free energy variation (∆G, dashed line) resulting 
from the surface free energy (∆Gs) and the variation of the volume free energy (∆Gv) 
as a function of crystal size (r). The critical radius (rc) is the radius from which the 
nucleus becomes stable, thus crystallization proceeds by decreasing the total free 
energy of the system84. 
Equation 1.0 describes the change of free energy in the nucleation 
process, where G(r) is the variation in free energy due to the formation of a nucleus, 
assuming the shape of the nucleus to be spherical. The first term corresponds to the 
surface free energy (∆Gs), which is related to the formation of a solid phase and is 
determined by the interfacial tension ( ) between the crystal face and the solution.  
While the second term of the equation corresponds to the volume free energy (∆Gv), 
which is the difference in the free energy of the ions in the bulk of the nucleus and 
the ions in the the solution. Surface (positive) and volume (negative) energy compete 
with each other and are proportional to the size of the growing nucleus83. The critical 
radius rc is the point where the resultant decrease in free energy and volume 
increase outweighs the increase in free energy relative to the increase in the crystal 
surface82. 
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∆𝐺(𝑟) =  ∆𝐺𝑠 +  ∆𝐺𝑣                                            
∆𝐺(𝑟) = 4𝜋𝑟2 +
4
3
𝜋𝑟3∆𝐺𝑣             (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛  1.0) 
The higher the supersaturation, the faster the nucleation and the finer and 
more numerous the crystals that are formed. At supersaturation at lower 
temperatures, the nucleation occurs very slowly, which favors the growth of crystals 
already established. The factors that control the crystal growth rate are surface 
energy ( ), diffusion and adsorption layer theory84,85. 
 
1.11 Salt crystallization pressure 
An experiment carried out by Lavalle in 1853 showed that if a macroscopic 
crystal was placed in a supersaturated solution with a weight upon it, the crystal 
would continue to rise by lifting the weight. Thus, it has been demonstrated that a 
growing crystal can exert pressure and that a liquid film of the ionic solution 
surrounding the crystal would allow access of the ions to the crystal growing 
surface86. The growth of a crystal in a confined space can exert a pressure sufficient 
to exceed the rupture modulus of most materials used in civil construction, such as 
stone and concrete, leading to their breakage19.  
Ruiz-Agudo and colaborators19 promoted salt crystallization tests, using 
saturated salt solutions under controlled conditions of humidity and temperature (45 ± 
5% RH and 20 ± 2 °C). The solutions were evaporated and crystallized, leading to 
the growth of salt crystals within the porous of a stone and on its surface (Figure 1.14 
(a-c)). After crystallization of sodium sulfate, successive layers of the stone were 
detaching (Figure 1.14 (b)), while the magnesium sulfate salt induced crack formation 
and propagation within the bulk of the stone (Figure 1.14 (c)). Differences in damage 
created by Na2SO4 and MgSO4 are mainly due to differences in their crystallization 
pattern19. The micrographs in Figure 1.14 (d, e) show the growth of sodium sulfate 
(thernadite) and magnesium sulfate (epsomite), respectively, in porous limestone19. 
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Figure 1.14 Sulfate damage in limestone slabs (calcarenite): (a) before 
crystallization, (b) after sodium sulfate crystallization, (c) after magnesium sulfate 
crystallization, (d) thernadite (Na2SO4 anhydrous) and (e) epsomite (MgSO4. 7H2O) 
crystals found in the structure (Figure adapted19). 
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1.12 Polymeric biomaterials  
Biomaterials are defined as materials of biological or synthetic origin used 
in the preparation of implants, devices or systems that will be in contact with body 
fluids or living tissues, with the objective of repairing tissue losses and restoring 
functions compromised by traumatic or degenerative processes87. Polymer 
biomaterials have several advantages as compared to ceramic or metallic materials, 
among them, the possibility of obtaining products in various forms (such as particles, 
films, yarns, etc), reasonable cost and the possibility of modulating mechanical 
properties for specific applications88. Poly (lactic acid) (PLA) belongs to the family of 
aliphatic polyesters and to the class of poly (α-hydroxy acids). This polymer is 
synthesized from lactic acid molecules (2-hydroxypropanoic acid), which has a chiral 
center and two optically active forms: L-lactic acid (levorotatory) and D-lactic acid 
(dextrorotatory). The synthesis using these monomers produces poly (L-lactic acid) 
(PLLA) or poly (D-lactic acid) (PDLA), respectively. The PLDLA copolymer is formed 
when the racemic mixture of the two enantiomers L and D is employed in the 
synthesis (Figure 1.15)89. These polymers have the advantage of being 
biocompatible and biodegradable23,24.  
  
Figure 1.15 (a) Enantiomers L and D of the monomer lactic acid; (b) Poly-L- latic acid 
(PLLA) and (c) Poly-D,L-latic acid (PLDLA). 
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1.12 Polymer nanocomposites 
Acoording to IUPAC, composites are multicomponent materials comprising 
multiple different (non-gaseous) phase domains, in which at least one type of phase 
domain is a continuous phase. Frequently, composites present unique properties that 
cannot be obtained from their individual components44. The dimensions of the 
dispersed phase may vary from micrometer to nanometer scale and the interface 
between the phases is typically defined90. The material is called a nanocomposite 
when one of its phases or more has nanoscale dimensions. These materials show 
considerable improvement in properties that could not normally be achieved by pure 
polymers or conventional composites90. 
Favier and co-workers were the first to demonstrate the reinforcing effect 
of cellulose nanocrystals in poly (styrene-co-butyl acrylate), resulting in 
nanocomposites with improved mechanical properties91. According to the percolation 
theory, nanocomposites with improved mechanical properties are obtained when 
percolation threshold is achieved. At this condition, nanocrystals are distributed 
thoughout the matrix, forming a continuous network interconnected by hydrogen 
bonds. Along with this, the high degree of stiffness, the geometry of the cellulose 
nanocrystals and their high aspect ratio all contribute to boost the mechanical and 
the barrier properties of the nanocomposites prepared with them71,92. 
The combination between the biodegradable and biocompatible PLA and 
the properties of cellulose nanostructures is promising25,93,94. Cellulose 
nanostructures can be incorporated in PLA to increase their degradability, cell 
adhesion and mechanical properties25,94,95. PLA - derived polymer membranes are 
produced and used as a substrate on which single cells can attach and grow to form 
a tissue. These membranes can be used either as physical and mechanical support 
for in vitro isolated cell culture or to promote cell growth and be implanted into the 
host organism together with the premature tissue formed96. Therefore, increased 
mechanical properties and degradability of PLA is desirable for biomedical 
applications, especially in engineering scaffolding, because materials need to meet 
controllable mechanical requirements to handle implants and support the process of 
tissue regeneration and structural degradation25. 
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The hydrophilic nature and low thermal stability of nanocellulose limit the 
choice of polymer matrices and processing technologies for nanocomposite 
preparation9,69. Nonionic surfactants are used to disperse cellulose nanocrystals in 
chloroform or relatively hydrophobic polymer matrices such as PLA96. Stabilization by 
steric forces occurs when molecular chains adsorbed or grafted to the surface of the 
particle have a thermally mobile branch in the solvent. As the particles approach 
each other, the mobility of the chains within the solvent is restricted producing an 
effect of entropic nature. Steric repulsion between particles can be attributed to the 
increase in free energy resulting from overlapping polymer chains or compression of 
the polymer layer97. In the present work, the non-ionic surfactant (Tween 20) (Figure 
1.16) was used to disperse the cellulose nanocrystals in PLLA and in PLDLA. The 
hydrophilic groups of Tween 20 may have affinity for adsorption to cellulose, while its 
hydrophobic groups ensure appropriate solubility in the composite matrix98,99. 
 
Figure 1.16 Non-ionic surfactant Tween 20 
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Abstract 
This work is focused in methodologies to obtain cellulose nanocrystals, 
cellulose nanofibrils, soluble lignin and fermentable sugars from elephant grass, 
aiming a more integral use of this biomass. To improve hydrolysis, three different 
pretreatments for biomass delignification and bleaching were compared: 1. 
Concentrated alkaline peroxide (CP); 2. Diluted alkaline peroxide (DP); and 3. Acid-
alkali (AA) pretreatment. Cellulose nanocrystals were obtained from elephant grass 
leaves by acid hydrolysis, with a 12 to 16% w/w yield considering the initial biomass 
weight and presented high crystallinity index (CI=72 to 77%) and aspect ratios (30 to 
44), depending on the pretreatment approach. Together with the cellulose 
nanocrystals, other useful by-products were obtained, such as cellulose nanofibrils 
(3.8% to 9.7% w/w yield), extractives (12.3%), liquors rich in hydrolysed lignin (16.0 
to 21.1%) and sugars (22.1 to 25.2%). The results presented herewith should 
contribute to the economic viability and the sustainability of this biomass fractionation 
process. 
 
Key-words: Cellulose nanocrystal; Nanofibril; Elephant grass; Biorefinery; Biofuel 
 
2.0 INTRODUCTION 
 
The recent interest in obtaining nanoparticles from cellulose, such as 
nanocrystals and nanofibrils, has increased due to their wide range of applications1,2. 
Cellulose nanoparticles have unique and useful properties, including low density, 
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large surface area, high stiffness and crystallinity, high aspect ratio, biocompatibility, 
biodegradability, and renewable origin3. Cellulose nanofibrils consist of fine and 
flexible fibrils (4-20 nm wide and 500-2000 nm length) produced by mechanical 
refining of wood or plant fibers through fibrillation techniques. They are pure cellulose 
structures, containing both crystalline and amorphous regions, with target 
applications in aerogels, thickeners and also nanocomposites1,4. In turn, cellulose 
nanocrystals are needle-shaped or whisker-shaped particles, commonly obtained 
from partial hydrolysis of cellulose fibers, using sulfuric acid in concentrations from 60 
to 65% (w/w) and under mild heating (45-60 °C)3,4. This procedure results in single 
and well-defined crystals dispersed in a colloidal suspension, stabilized by sulphate 
groups distributed on the surface5,6. Prior to hydrolysis, biomass is normally 
pretreated to remove hemicellulose and lignin and also bleached. The pretreated 
cellulose matrix is formed by microfibrils containing highly crystalline domains 
intercepted by amorphous regions corresponding to the areas where polymer chains 
have spaces and kinks7. Since the kinetics of hydrolysis is favoured in these 
amorphous domains, the microfibrils can be longitudinally cleaved during hydrolysis, 
producing nanocrystals with high crystallinity index (54-84% according to X-ray 
diffraction data) and a Young modulus in the 50-143 GPa range, which are very 
suitable as reinforcing agents in polymers. In terms of dimensions, their diameter can 
vary from 3 to 70 nm and they are normally shorter than nanofibrils (length from 50 to 
500 nm)4,8, though both the dimension and the crystallinity will depend on the 
cellulose source and on the preparation conditions, mainly on the hydrolysis time8,9. 
Longer hydrolysis times normally result in shorter and thinner nanocrystals. 
Cellulose nanocrystals have been isolated from many kinds of plant 
biomasses, such as sugarcane6, corn10, rice husks11, golden grass12, sisal13 and 
cotton fibers14. Different pretreatment technologies can be used, resulting in different 
morphologies and yields of nanocrystals from different biomasses.  
In the case of corn cob and golden grass, a pretreatment methodology 
consisting of a first step with NaOH solutions 2 or 4% (w/w) at 80 C for 2 to 6 hours, 
followed by bleaching with aqueous chlorite (NaClO2 1.7% w/w) in acetate buffer was 
used10,12. Nanocrystals were also obtained from sugarcane bagasse after bleaching 
with alkaline peroxide (NaOH 5% w/w + H2O2 11% v/v)6 at 55 C for 90 min. Mass 
yields of nanocrystals obtained by these methods are typically low (lower than 15% 
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from the raw biomass and around 50% with delignified biomasses as starting 
material), which reinforces the importance of using as many by-products obtained as 
possible. 
It is also important to diversify the sources of cellulosic fibers to produce 
nanocrystals, because the properties of both the particles and the materials prepared 
with them will depend on the cellulose source. Besides this, the diversification will 
allow a broader range of possibilities to obtain high performance materials and value-
added products from agricultural sources, thus contributing to the sustainability of this 
sector1,10. 
In this work, cellulose nanocrystals were isolated from elephant grass 
(Pennisetum purpureum), which is a perennial grass widely used as pasture in Brazil. 
Elephant grass is interesting for its high biomass productivity per hectare (ca. 35 
tons/ha) and by its ability to sequester large amounts of carbon from the environment 
(ca. 15 ton of carbon/year/ha), contributing to long term storage of atmospheric 
carbon dioxide. In addition, it is a culture of high adaptability, with low demand for 
nutrients and resistance to harsh climates15.  
To the best of our knowledge, this is first work dealing with isolation of 
cellulose nanocrystals from elephant grass. But more than the comparison among 
different methods to extract nanocrystals from a neglected plant biomass, this work is 
focused in the identification and quantification of the useful by-products formed 
during process steps, including fermentable sugars, hydrolysed lignin, and solid 
products, such as nanofibrils. This is important to achieve an integral use of the 
biomass, so that none of its fractions is underutilized, and thus contributing to the 
environmental and economical sustainability of the biomass utilization.  
The solids resulting from the various process steps were characterized as 
to their morphology, by field emission scanning electron microscopy (FESEM), 
crystallinity index by x-ray diffraction (XRD) and composition by high performance 
liquid chromatography (HPLC) and UV-VIS spectroscopy. Cellulose nanocrystals had 
their morphology characterized by transmission electron microscopy (TEM) and also 
their zeta potential determined in dispersion, which is an important parameter 
considering their stability and shelf life.  
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2.1 METHODS 
 
2.1.1 Materials 
 
Elephant grass leaves were kindly provided by the Instituto de Zootecnia 
(Nova Odessa-SP, Brazil) from plants harvested with 12 months. Plant biomass was 
dried in a convection oven (Tecnal TE-394/3, Piracicaba-SP, Brazil) at 60 °C for 24 h, 
knife milled (SOLAB - SL 31, Piracicaba-SP, Brazil) until passing through a 2 mm 
sieve and stored in plastic bags. The reactants used in pretreatments and 
nanocrystal isolation (concentrated H2SO4 grade 98%, H2O2 29% (v/v) and NaOH) 
were all purchased from Synth (Diadema-SP, Brazil) and used as received. 
 
2.1.2 Biomass pretreatments 
 
 Three pretreatment methodologies were applied to the dried and milled 
elephant grass leaves: 
1. Concentrated alkaline peroxide (CP) in three stages: (1) alkali treatment, (2) 
bleaching and (3) bleaching repetition. CP was based on previous works6,13 with 
modifications, and consists of a first alkali step, where samples were treated with an 
aqueous solution (NaOH 5% w/v), using a 1:10 (g/mL) fiber to solution ratio, for 2 h at 
70 °C, under mechanical stirring. Then, the suspension was filtered and the solid 
fraction was rinsed with water until reaching neutral pH, and then dried at 60 °C for 6 
hours. The solid was then bleached with a 1:1 solution of 7% (v/v) H2O2 and 4% 
(w/w) NaOH, under manual stirring for 2 h at 60 °C and using a 1:20 (g/mL) fiber to 
solution ratio. Then the solids were filtered, and still wet, subjected to the bleaching 
step in the same conditions more one time. The solid resulting from the final 
bleaching step was rinsed, dried at 60 °C for 6h and knife milled (Thomas Scientific, 
Swedesboro-NJ, USA) until passing through a 0.5 mm sieve. 
2. Diluted alkaline peroxide (DP) in two stages: (1) alkali treatment and (2) bleaching. 
DP was based on the previously described CP, but using reduced time and lower 
reactant concentrations. Elephant grass leaves were treated with a 2% (w/v) NaOH 
aqueous solution, using a 1:20 (g/mL) fiber to solution ratio, during 1 h at 121 °C and 
1.05 bars in autoclave. Then, the suspension was filtered and the solid fraction was 
rinsed with water until neutral pH. The solid was dried at 60°C for 6 hours and knife 
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milled until passing through a 0.5 mm sieve. In step 2, the pretreated solid was 
bleached with a 1:1 solution of 2% (w/v) NaOH and 2.6% (v/v) H2O2, using a 1:20 
(g/mL) fiber to solution ratio for 2 hours at 70 °C, under mechanical stirring. At the 
end of the process, the fibers were rinsed, dried and milled as in the first step. 
3. Acid-alkali (AA) in two stages: (1) Diluted acid hydrolysis and (2) delignification. 
Firstly, biomass samples were treated with aqueous 1% (v/v) H2SO4 in autoclave at 
121 °C and 1.05 bars for 1h, using a 1:10 (g/mL) fiber to solution ratio. Then, the 
solid was filtered, rinsed until neutral pH and oven dried at 60°C for 6 h. The dried 
fibers were then treated with 2% (m/v) NaOH in autoclave at 121 °C and 1.05 bars 
for 40 minutes, using a 1:20 (g/mL) solid to solution ratio. At the end of this step, solid 
samples were rinsed, dried and milled until passing through a 0.5 mm sieve. AA was 
based on a method previously applied in this research group to obtain cellulose 
enriched substrates for the production of 2G ethanol16. 
 
2.1.3 Isolation and mass yield of cellulose nanocrystals and nanofibrils 
 
To obtain nanocrystals, 10 g of the milled pretreated solids were 
hydrolysed with a 60% (w/w) H2SO4 solution at 45 ± 3 °C, for 20, 40 or 60 min, using 
a 1:30 (g/mL) fiber to solution ratio. The reaction mixture was manually stirred with a 
glass rod for 1 minute every 10 minutes and was stopped by adding 400 mL of cold 
distilled water. The acid excess was removed from the reaction medium by 
successive rinsing with water and centrifugation (5 times), and also by the addition of 
5 mL of a 2% w/v NaOH solution (after the 3rd centrifugation), until obtaining 
dispersed cellulose nanocrystals at pH 6-7. The formation of the nanocrystal 
dispersion can be clearly noticed by a visual observation of the system turbidity. The 
supernatant containing cellulose nanocrystals was then removed and transferred to 
another vial, being thus separated from the precipitate. The process of rinsing and 
centrifugation of the precipitate followed by removal of nanocrystal dispersion was 
repeated until the supernatant became transparent (ca. 4 times). After complete 
removal of the nanocrystals, cellulose nanofibrils were removed from the centrifuge 
tube as a solid precipitate. The mass yields of cellulose nanocrystals in dispersion 
and nanofibrils were quantified in an infrared balance (METTLER TOLEDO MD-20, 
Columbus-OH, USA).  
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2.1.4 Determination of chemical composition of solid samples and liquors 
obtained in the process steps. 
 
Extractives removal and the quantification of cellulose, hemicellulose and 
lignin were performed in solid samples, as previously described16:  
Raw bagasse was washed in 95% ethanol for 6 hours to remove 
extractives, using a Soxhlet tube and bags of semi-quantitative paper 
containing the samples. Milled samples (2 g) were treated with 10 mL 
of a 72% H2SO4 solution, at 45 ± 0.5 °C for 7 minutes, under vigorous 
stirring. Then, distilled water was added to the slurry until reaching a 
275 mL final volume, and the material was kept at 120 °C and 1.05 
bar for 30 minutes. After cooling to room temperature, it was filtered 
using quantitative filter papers to separate the hydrolysate from the 
solid fraction. The solid fraction was rinsed until a neutral pH was 
attained and then oven dried at 105 °C to a constant weight (weight 
A), which corresponded to the summation of insoluble lignin and ash. 
Finally, filter papers containing samples were transferred to porcelain 
crucibles and calcinated in a muffle at 800 °C for 2 hours. After 
cooling to room temperature inside a desiccator, the ash weight was 
determined (weight B), as well as the insoluble lignin amount by 
subtraction from A. 
The hydrolysate had its content of soluble lignin determined by 
absorbance measurements (280 nm), using a UV/VIS diode array spectrophotometer 
(model 8453, Agilent Technologies, Santa Clara-CA, USA). The hydrolysed sugars 
were quantitatively determined by HPLC in a chromatographer Agilent series 1200, 
equipped with a refractive index detector and an Aminex column (HPX-87H, 300x7.8 
mm, Bio-Rad, Hercules-CA, USA). Analyses were carried out in duplicate at 45 °C, 
using a 5 mM H2SO4 solution as mobile phase at a 0.6 mL/min flow rate. Prior to 
injection, samples were filtered using Sep-Pak C18 filters (Waters, Milfords-MA, 
USA). 
In the case of the liquors resulting from the different steps of the process, 
the same protocol was followed for sugar determination, but from the point where the 
acid is diluted to 4% w/v and the mixture is autoclaved. Liquors obtained from 
pretreatments were collected after filtering and rinsing the solid substrates (20 mL of 
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water to 1 gram of solid substrate) and liquors from hydrolysis were collected in the 
first rinsing/centrifugation step. The final acid concentration of 4% (w/w) was reached 
by adding a 60% H2SO4 (w/w) solution.  
 
2.1.5 Transmission electron microscopy (TEM) 
 
TEM analysis was carried out in a microscope LIBRA 120 (Carl Zeiss, 
Oberkochen, Germany). Dispersions of nanocrystals and nanofibrils were sonicated, 
deposited on 400 mesh copper grids (3 L) coated with a supporting carbon and 
parlodium film, then stained with 2% (v/v) uranyl acetate and dried in desiccator for 2 
h at room temperature prior to analysis. Nanocrystal dimensions were determined, by 
measuring 50 cellulose nanocrystals, using the software Zeiss Axiovision. 
 
2.1.6 X-ray diffractometry (XRD) 
 
XRD analyses were carried out using a Shimadzu diffractometer model 
XRD 7000 (Kyoto, Japan), with Cu target (K) operating at 40kV and 30mA. 
Measurements were performed at room temperature at a 2θ angular range from 5 to 
60° scanned at 2°/min.  
 
2.1.7 Zeta potential 
Zeta potential of cellulose nanocrystals dispersed in deionized water at a 
concentration of 0.01% (w/v) was determined using a Zetasizer Nano-2S-ZEN 3600 
equipment (Malvern Instruments, Worcestershire, UK). Prior to analysis, the 
dispersion was sonicated for 2 minutes and the measurements were performed in 
triplicate.  
 
2.2 RESULTS AND DISCUSSION 
2.2.1 Characterization of elephant grass substrates during pretreatment steps 
2.2.1.1 Chemical composition of the solid substrates 
Table 2.1 shows the mass balance of the solids obtained from elephant 
grass leaves after every pretreatment step, in terms of cellulose, hemicellulose, lignin 
and ashes (% w/w) in a dry weight basis. Cellulose content was obtained by the 
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glucose amount quantified by HPLC, while hemicellulose was obtained by summing 
xylose and arabinose, always correcting by a hydrolysis factor. The lignin amount 
includes acid soluble and insoluble lignin and the ashes correspond to the inorganic 
fraction after carbonization.  
 
Table 2.1 Quantification of cellulose, hemicellulose, lignin and ashes in elephant 
grass leaves before (in natura) and after the various pretreatment steps. Values are 
expressed as an average  standard deviation, in samples without extractives and in 
a dry weight basis. 
Sample Cellulose 
(%) 
Hemicellulose 
(%) 
Lignin 
(%) 
Ashes 
(%) 
Total       
(%) 
In naturaa 41.8 ± 0.2 24.7 ± 1 28.0 ± 1.5 2.0 ± 0.46 96.5 ± 3.2 
Concentrated alkaline peroxide (CP) 
NaOH 5% 66.9 ± 0.4 16.7 ± 0.3 12.8 ± 0.3 0.20 ± 0.05 96.6 ± 1.0 
NaOH 4%+H2O2 7%b 72.5 ± 1.5 12.9 ± 0.2 9.2 ± 0.2 0.10 ± 0.01 94.7 ± 2 
Diluted alkaline peroxide (DP) 
NaOH 2% 60.8 ± 0.3 19.7 ± 1.5 12.4 ± 0.8 0.68 ± 0.01 93.6 ± 2.6 
NaOH 2%+H2O2 2.6% 67.5 ± 0.7 18.3 ± 2.0 9.9 ± 0.1 0.40 ± 0.05 96.1 ± 2.9 
Acid-alkali (AA) 
     
H2SO4 1% 58.6 ± 0.7 7.4 ± 0.3 32.4 ± 0.4 2.6 ± 0.40 101 ± 1.8 
NaOH 2% 83.5 ± 0.1 2.8 ± 1.1 10.5 ± 0.1 0.02 ± 0.01 96.8 ± 1.4 
aA total of 12.3 ± 0.2% (w/w) of extractives were removed from the sample in natura. 
Pretreated samples do not contain extractives, because they were removed in the process. b 
Step applied two times. 
 
Concentrations of cellulose, hemicellulose and lignin before pretreatments 
were 41.8, 24.7 and 28.0% w/w, respectively (Table 2.1). The mass closure 
approached 100% for all the samples, which is very good, considering the typical 
mass closure results obtained in biomass samples. As shown in Table 2.1, all the 
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pretreatment methodologies were efficient to enrich the substrates in cellulose. 
Cellulose content increased to 72.5% w/w, after the treatment with concentrated 
peroxide (CP), to 67.5% after diluted peroxide (DP) and achieved the best results 
(83.5%) after the acid-alkali (AA) pretreatment. 
In terms of lignin removal, which is also important to an efficient 
nanocrystal preparation, the three pretreatments demonstrate similar effects, 
decreasing the final lignin content to ca. 9-10% w/w. Most of the lignin in the acid-
alkali pretreatment is removed in its alkali step. The first acid step in AA is actually 
not appropriate for lignin removal, and its percentage seems to increase to 32.4% in 
Table 2.1. But it is important to notice that this is not a real increase in lignin weight, 
just an apparent increase in percentage caused by the removal of other cell wall 
components. The acid step is very efficient into removing hemicellulose from the 
samples (reduction from 24.7% to 7.4% w/w), and lead to a liquor rich in 
hemicellulose sugars. 
The high efficiency of the acid-alkali method in the removal of 
hemicellulose and lignin is an interesting result since this is not the traditional 
pretreatment used for nanocrystal production. The most common methods used for 
this purpose are the ones based on alkaline peroxides6,13. Table 2.1 also shows that 
the first step of all the pretreatments is in general more effective in removing the 
undesirable cell wall constituents, which is consistent with the fact that it acts on the 
components more prone to degradation.  
 
2.2.1.2 Crystallinity index (CI) and morphological analysis  
 
Crystallinity of the solid substrates to be hydrolysed is an important 
parameter to cellulose nanocrystal production, together with the cellulose content. 
Crystallinity index (CI) values presented in Table 2.2 were calculated from x-ray 
diffraction patterns (data shown in Supplementary Material, Fig. S1), according to the 
method proposed by Segal and more recently revisited by Park17.  
Elephant grass leaves presented increased crystallinity index (CI) after 
any of the pretreatment steps, which is related to the removal of amorphous biomass 
constituents such as hemicellulose and lignin7,18. AA pretreatment is the most 
efficient method for this purpose, increasing CI from 50% (sample in natura) to 70% 
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after the pretreatment. The two alkaline peroxide pretreatments also presented 
significant increase in CI values that reached ca. 65-66%. These values agree with 
the compositional results (Table 2.1), where the substrates obtained after AA were 
those with higher cellulose contents and lower amounts of amorphous components, 
followed by CP and then DP. 
The removal of hemicellulose and lignin during pretreatments was 
followed by morphological changes in the solid elephant grass substrates, which are 
described in detail in the Supplementary Material (Figure S2). In general, after all the 
three pretreatment methodologies, the plant cell wall appears to be rougher and to 
have increased surface area. So, the higher the removal of components, the greater 
is the defibrillation, the surface area and the exposure of crystalline fibers of the 
substrate to hydrolysis. 
 
Table 2.2. Crystallinity indexes of elephant grass leaves in natura and after each 
step of the pretreatments with concentrated alkaline peroxide (CP), diluted alkaline 
peroxide (DP) and acid-alkali (AA). 
Sample CI (%) 
In natura 50 
Concentrated alkaline peroxide (CP) 
NaOH 5% 63 
NaOH 4%+ H2O2 7% 66 
Diluted alkaline peroxide (DP) 
NaOH 2% 64 
NaOH 2%+ H2O2 2.6% 65 
Acid-alkali (AA) 
H2SO4 1% 60 
NaOH 2% 70 
 
2.2.2 Characterization of cellulose nanocrystals 
Figure 2.1 shows TEM images of cellulose nanocrystals obtained from 
elephant grass pretreated with CP, after hydrolysis for 40 min (NCCP40) and 60 min 
(NCCP60), and also nanocrystals from DP (NCDP60) and AA (NCAA60), both 
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hydrolysed for 60 min. A shorter hydrolysis time (20 min) was also tested, but 
cellulose nanocrystals could not be isolated under these conditions. TEM 
micrographs show elongated needle-shaped nanoparticles for all the samples, with 
dimensions varying depending on the preparation conditions, as shown in Table 2.3.  
 
 
Figure 2.1 Transmission electron microscopy (TEM) images of cellulose 
nanocrystals obtained from elephant grass samples: (a) pretreated with concentrated 
alkaline peroxide and hydrolysed for 40 min (NCCP40); (b) pretreated under the same 
conditions, but hydrolysed for 60 min (NCCP60); (c) pretreated with diluted alkaline 
peroxide and hydrolysed for 60 min (NCDP60) and (d) pretreated with acid-alkali and 
hydrolysed for 60 min (NCAA60). 
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After comparing the aspect ratios in NCCP40 and NCCP60, the 60 min 
hydrolysis time with 60% H2SO4 at 45 °C was chosen to be used in all samples. The 
high standard deviations in the aspect ratios indicate the polydispersity of the 
samples. Despite this, the tendency in the mean values is quite clear. Higher aspect 
ratios in nanoparticles are associated to more effective reinforcement and improved 
barrier properties in the nanocomposites where they are incorporated11.  
Hydrolysis yields, calculated as the weight of cellulose nanocrystals 
obtained from pretreated biomass starting in hydrolysis, and the total yield 
(considering the weight of biomass in natura) are also presented in Table 2.3. The 
best hydrolysis yields were obtained in NCCP60 and NCAA60 (52 and 53%, 
respectively), which can be associate to increased hydrolysis time in these samples, 
but also to the composition of the substrates to be hydrolysed, since samples 
pretreated by CP and AA are richer in cellulose than the sample resulting from DP. In 
terms of the final yield in nanocrystal production, which is the one that takes into 
account the weight loss in the pretreatments, these are also higher in samples 
hydrolysed for 60 min, particularly in NCCP60 (15.5%). Considering these results, a 
balance between aspect ratio, total yield and pretreatment time and cost can be 
established. NCCP60 are produced in higher yields but are nanocrystals with lower 
aspect ratios, as compared to NCDP60 and NCAA60. These last pretreatments are 
more economic in time and cost and results in similar total yields but in nanocrystals 
with higher aspect ratio in NCDP60. 
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Table 2.3 Properties of cellulose nanocrystals obtained from elephant grass samples 
after pretreatment with concentrated alkaline peroxide (NCCP40) and (NCCP60), 
diluted alkaline peroxide (NCDP60) and acid-alkali (NCAA60). The indexes 40 or 60 
indicate hydrolysis time in minutes. 
Properties NCCP40 NCCP60 NCDP60 NCAA60 
Length (nm) 169 ± 54 150 ± 44 278 ± 111 167 ± 45 
Diameter (nm) 8.0 ± 2.5 nm 5.0 ± 1.0 6.5 ± 2.2 5.2 ± 1.5 
Aspect ratio  23 ± 10 30 ± 12 44  18 34 ± 13 
Hydrolysis yield (%)a 32 ± 3 52 ± 2 34 ± 2 53 ± 2 
Crystallinity Index (%) 72 77 72 76 
Zeta Potential (mV) -47 ± 3 -39 ± 4 -47 ± 6  -50 ± 4 
Total yield (%)b 9.6 ± 0.9 15.5 ± 0.4 11.9 ± 0.5 12.9 ± 0.4 
*Hydrolysis yield is the percentage of dried solid remaining after hydrolysis of a solid 
substrate: a yield with respect to delignified biomass starting hydrolysis; and byield with 
respect to biomass in natura  
 
The aspect ratio values of the whiskers extracted here from elephant 
grass leaves are within the literature range and have thus a good reinforcing 
potential. The aspect ratios presented are higher than those obtained from linter 
cotton (19)14 and rice husk (15-20)11, and lower than the aspect ratio of whiskers 
isolated from golden grass (L/D=67)12.  
The crystallinity index (CI) was also calculated for cellulose nanocrystals 
based on their XRD patterns (Table 2.3). All the nanocrystals presented high CI 
values around 72-77%, showing that the methodologies used here were also efficient 
in this purpose. These values are consistent with those reported in literature for 
cellulose nanocrystals from other grasses such as sugarcane bagasse (CI=70-87%)6 
and panicum (CI= 62-75%)19.  
Finally, the negative surface charge of the cellulose nanocrystals (zeta 
potential in Table 2.3) is attributed to the substitution of cellulose surface hydroxyls 
by sulphate groups during hydrolysis with sulfuric acid6. NCAA60 presented a higher 
zeta potential in modulus than NCDP60 and NCCP60, which is associated to higher 
colloidal stability in the first sample. 
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2.2.3 Characterization of cellulose nanofibrils obtained as the solid residue 
from hydrolysis  
Acid hydrolysis promotes cell wall defibrillation by breaking the hydrogen 
bonds between crystalline fibers and releasing cellulose nanofibrils, as can be 
observed in TEM images (Figure 2.2). This material was named NFCP60, NFDP60 
and NFAA60 for the nanofibrils produced after hydrolysis for 60 min of samples from 
concentrated and diluted alkaline peroxide and acid-alkali pretreatments, 
respectively. After a few centrifugation cycles to separate dispersed nanocrystals and 
precipitated nanofibrils, the latter were recovered at total yields of 3.8  1.1%, 9.7  
0.5% e 6.3  0.8% (w/w), for NFCP60, NFDP60 and NFAA60 respectively. The yields 
considering only the hydrolysis steps were 12.7  3.8%, 27.9  1.4% e 26.1  2.8% 
(w/w), respectively. This method provides thus an interesting approach for combined 
production of nanocrystals and nanofibrils, reducing the energy costs of producing 
cellulose nanofibrils, which are usually obtained by mechanical processes. Though 
the total yield of nanofibrils obtained here is low, this amount can be certainly varied 
depending on the hydrolysis conditions, since they result from incomplete reactions. 
These nanofibrils presented high crystallinity, with CI equal to 76, 78 and 
80% for NFCP60, NFDP60 and NFAA60, respectively. These values are much greater 
than the CI obtained in cellulose nanofibers isolated from eucalyptus pulp by 
sonication (33%)20, and similar to the CI of flex fibers isolated by high pressure 
homogenization (72-77%)21. High values of crystallinity are desirable in both 
nanocrystals and nanofibrils, because they are associated to high stiffness and to the 
efficiency of reinforcement fillers in polymer matrices22,23.  
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Figure 2.2 TEM micrographs of cellulose nanofibrils isolated from the solid residue of 
hydrolysis with H2SO4 (60% w/w) for 60 minutes: (a) NFCP60, (b) NFDP60, (c) NFAA60. 
 
2.2.4 Characterization of liquors obtained in pretreatments and hydrolysis 
 
Cellulose, hemicellulose and lignin present in the solid samples are 
partially hydrolysed during pretreatments and hydrolysis for nanocrystal preparation. 
Their soluble fractions are thus present in the liquor in the form of sugar monomers 
and oligomers, sugar derivatives and also lignin fragments. The weight percentages 
of these components in terms of the initial dry weight of sample in natura are shown 
in Table 2.4. 
Quantification of liquors showed that the hydrolysate from the first 
pretreatment step is mainly composed by xylose and lignin for all the pretreatments. 
Xylose can be converted to ethanol, but it is also an important building block to obtain 
chemicals, such as C3 and C6 carboxylic acids or alcohols as glycerol and sorbitol24. 
Lignin is the only major component in plant cell wall containing aromatic rings, which 
are useful in the preparation of vanillin and phenolic resins, dispersing agents and 
emulsifiers24-26. Other sugars and organic acids, such as arabinose, glucose, 
cellobiose, acetic and glucuronic acids, are present in small amounts in the liquor of 
the first step, but their total content do not exceed 6.3% of the initial sample weight in 
the alkaline peroxide pretreatments and 10.2% in the acid-alkali (Table 2.4). Of 
course, they could also be applied within the biorefinery concept to produce 
chemicals of commercial interest. Furfural and hydroxymetylfurfural (HMF), resulting 
from the decomposition of pentoses and hexoses, respectively, were not detected in 
most of the samples. Furfural was detected only after NaOH 5% and H2SO4 1% and 
HMF was not detected in any of the samples, which is a good result. Though HMF is 
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a valuable precursor to chemical synthesis of levulinic acid and dimethylfuran (DMF), 
among others, it is also a chemical inhibitor in case of yeast fermentation27.  
The liquors from the second step in the acid-alkali pretreatment also 
contain important contents of lignin (11.3% w/w), and very few of other components, 
indicating a relatively clean lignin source for various applications. On the other hand, 
the liquors from the second step in CP and DP are poor in lignin, since these steps 
have a more bleaching function. In terms of sugar and organic acid recover, the 
liquors from the second step are also generally poor, and only small amounts of 
xylose and glucose could be detected, indicating that the first step is thus more 
efficient for sugar recover. 
The liquors resulting from hydrolysis for nanocrystal preparation after CP 
and AA contain mainly glucose in their compositions, in percentages that represent 
5.0% and 2.8% (w/w) of the initial dry biomass, respectively (Table 2.4). The liquors 
from CNCDP60 preparation contain also xylose (5.0%) and lignin (3.5%) together with 
glucose (3.1%). This is consistent with previous results presented herewith, such as 
solid composition (Table 2.1) and crystallinity index (Table 2.2), indicating incomplete 
action of DP. While in the other two procedures, hydrolysis acted in substrates 
containing cellulosic domains mainly, in the diluted peroxide pretreatment, other 
components were also hydrolysed, due to the lower efficiency of this pretreatment.
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Table 2.4. Percentages of monosaccharides (xylose, arabinose, glucose), cellobiose, organic acids (acetic and glucuronic acids), furfural and 
total lignin present in the liquors after each pretreatment step. Values are expressed in weight percentages of the initial  dry weight of biomass in 
natura. 
 Components in % (w/w) of the biomass in natura 
Samples Xylose Arabinose Glucose Cellobiose Acetic acid 
Glucuronic 
acid 
Furfural Lignin 
Liquors from concentrated alkaline peroxide pretreatment (CP) 
After NaOH 5% 12.60 ± 0.30 2.24 ± 0.2 2.10 ± 0.70 *** 1.62 ± 0.04 0.17 ± 0.05 0.10 ± 0.05 14.10 ± 0.43 
After NaOH 4%+H2O2 7% *** *** 0.22 ± 0.03 *** *** *** *** 0.72 ± 0.08 
After acid hydrolysis 60 min (NCCP60) 2.48 ± 0.04 0.51 ± 0.07 5.01 ± 0.07 *** *** *** *** 1.13 ± 0.03 
Liquors from diluted alkaline peroxide pretreatment (DP) 
After NaOH 2% 7.45 ± 0.20 2.16 ± 0.08 1.19 ± 0.52 0.04 ± 0.01 2.78 ± 0.01 0.16 ± 0.03 *** 13.40 ± 0.10 
NaOH 2% + H2O2 2.6% 1.66 ± 0.02 0.80 ± 0.40 0.49 ± 0.05 *** *** *** *** 1.63 ± 0.01 
After acid hydrolysis 60 min (NCDP60) 4.96 ± 0.19 0.20 ± 0.09 3.14 ± 0.16 *** *** *** *** 3.51 ± 0.05 
Liquors from acid-alkali pretreatment (AA) 
After H2SO4 1% 14.64 ± 0.30 2.22 ± 0.34 3.14 ± 0.01 0.02 ± 0.01 2.10 ± 0.09 0.47 ± 0.02 2.27 ± 0.07 8.85 ± 0.10 
After NaOH 2% 0.10 ± 0.01 *** 0.39 ± 0.05 ***  1.53 ± 0.07 *** *** 11.3 ± 0.06 
After acid hydrolysis 60 min (NCAA60) 0.43 ± 0.15 *** 2.78 ± 0.67 *** *** *** *** 0.94 ± 0.01 
*** Components at undetectable concentration or not present 
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2.2.5 Overview of the amount of nanocrystals and by-products obtained from 
elephant grass leaves by the three pretreatment methods.  
 
Table 2.5 shows the weight percentages of all the components that were 
obtained from nanocrystal preparation using each pretreatment method. A total of 
73.4, 76.2, 81.8% (w/w) of the initial dry weight of biomass could be recovered by 
CP, DP and AA, respectively. The remaining fraction of the biomass consists of 
components that could not be quantified, for instance, oligomers and other hydrolysis 
products.  
It is important to notice that if only the cellulose nanocrystals were to be 
considered as products in the process, only ca. 11 to 16% (w/w) of the initial dry 
biomass would be useful in this work. On the other hand, Table 2.5 shows important 
weight amounts of co-products in the liquors, such as lignin (16.0 to 21.1% w/w), 
nanofibrils (3.8 to 9.7%), extractives (12.3%), xylose (14.1 to 15.2%), glucose (4.8 to 
7.3%) and other minor sugars and organic acids derived from cellulose and 
hemicellulose.  
Different pretreatment methodologies can be used to drive the 
pretreatments to desired products. For instance, as can be observed in Table 2.5, CP 
treatment yields more nanocrystals, but less nanofibrils and lignin than the others. On 
the other hand, DP prioritizes fibrils and AA keeps intermediary yields of nanocrystals 
and nanofibrils, while maximize the amount of lignin recovered in the various steps. 
The integral utilization of biomass in the production of fuels, chemicals and high 
value-added particles is important to assure the economic viability of these 
processes and to minimize the environmental impacts of disposing the liquors 
produced in the process.  
Figure 2.3 shows an overview of elephant grass fractionation to produce 
nanocrystals via acid alkali pretreatment to illustrate the weight (in kg) that can be 
obtained from different components in each step in a biorefinery approach. For every 
fraction (liquor or solid) the composition is expressed in weight of components and in 
percentage (% w/w) of the initial dried biomass. Liquor composition in terms of 
cellulose and hemicellulose were obtained from the components detailed on the right, 
corrected by hydrolysis factors. Similar plots were built to CP and DP pretreatments 
and are presented in Supplementary Material (Figure S3 and S4) 
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Table 2.5 Weight percentages of cellulose nanocrystals, nanofibrils and other 
components hydrolysed from elephant grass biomass during nanocrystal production, 
using three different pretreatments and acid hydrolysis for 60 min. Values are 
expressed as percentages of the dried biomass in natura. 
 
Pretreatments 
 
Products (%) 
Concentrated alkaline 
peroxide (CP) 
Dilute alkaline 
peroxide (DP) 
Acid-alkali 
(AA) 
Nanocrystals  15.5 11.9 12.9 
Nanofibrils  3.8 9.7 6.3 
Lignin 16.0 18.5 21.1 
Extractives 12.3 12.3 12.3 
 Xylose  15.1 14.1 15.2 
Arabinose 2.8 3.2 2.2 
Acetic acid  1.6 2.8 3.6 
Glucuronic acid  0.17 0.16 0.47 
Furfural  0.1 *** 2.3 
Hemicellulose total 17.2 17.4 21.5 
 
Glucose 7.3 4.8 6.3 
Cellobiose 0.00 0.04 0.02 
Cellulose total 6.6 4.4 5.7 
 
Total quantified (%) 71.4 74.2 79.8 
Non-quantified components (%) 28.6 25.8 20.2 
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Figure 2.3 Overview of the products obtained in elephant grass fractionation to 
nanocrystal production via AA pretreatment. In liquors, individual components and 
biomass fractions (cellulose, hemicellulose, lignin, others) are expressed in weight, 
while in the solids, fractions are expressed in percentage (% w/w) or weight (kg).  
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2.3 CONCLUSION 
 
The results presented herewith showed that elephant grass is a promising 
biomass source to produce cellulose nanocrystals with adequate properties, such as 
high aspect ratio (30 to 44) and crystallinity indexes (72 to 77%), to be applied in the 
preparation of polymer nanocomposites. With three pretreatment methodologies, 
nanocrystals were obtained with yields between 12 to 16% (w/w), considering the 
initial weight of dried elephant grass biomass. Besides, the detailed quantification of 
the process by-products showed that up to 80% of the starting biomass could be 
profitable, in the form of nanofibrils, hydrolysed lignin, extractives, sugars and organic 
acids, contributing to the process economic viability and sustainability and to the 
integral use of this biomass. 
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Crystallinity by x-ray diffraction patterns (XRD) 
 
Figure S1 shows XRD patterns obtained in elephant grass in natura and 
after alkali and bleaching steps of the concentrated peroxide pretreatment. It is 
possible to observe that the diffractograms present more clearly defined crystalline 
peaks in pretreated samples than in the sample in natura. In particular, the shoulder 
at 15.5 and the peaks at 22.6° and 35.0 in the sample in natura became better 
defined after alkali pretreatment and bleaching (Figure S1). Moreover, the peak at 
30.0, which could not be distinguished in the untreated sample, became visible in 
the pretreated solids. This peak can be assigned to chemical and structural changes 
on cellulose after removal of hemicellulose and lignin1, and appears after 
delignification with sodium hydroxide for ca. 10h2. The signals at 2θ = 15.5°, 22.6° 
and 35.0° refer to the crystallographic planes (101), (002) and (040), respectively, 
which are characteristic of the crystalline structure of cellulose type I1,3. Crystallinity 
index (CI) values were calculated from these x-ray diffraction patterns, according to 
the method proposed by Segal4 and more recently revisited by Park5 . 
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Figure S1. X-ray diffractograms of elephant grass leaves in natura, and after the two 
steps of concentrated peroxide pretreatment: alkali treatment and bleaching. 
Diffraction curves were displaced along the y axis for better visualization. 
 
Morphological analysis by Field Emission Scanning Electron Microscopy 
(FESEM) 
 
Methods  
 
The morphology of the solid elephant grass samples was analyzed by 
FESEM before and after the different pretreatments. Samples were dried and coated 
with a gold film (ca. 16 nm) using a sputter coater Baltec (Oerlikon-Balzers, Balzers, 
Liechtenstein), operating with a 40 mA current for 60 s. Sample imaging was carried 
out using a scanning electron microscope, equipped with a field emission gun 
(Quanta 650, FEI, Hillsboro-OR, USA), operating at 5 kV. Both instruments were 
available at the National Laboratory of Nanotechnology (LNNano), located in 
Campinas-SP, Brazil. A large number of images of different sample areas (at least 20 
images per sample) was obtained to assure the reproducibility of the results. 
 
Results 
 
The removal of amorphous constituents such as hemicellulose and lignin 
after each pretreatment step were followed by morphological changes on the solid 
elephant grass samples. Figure S2 shows secondary electron images obtained by 
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FESEM on the surface of elephant grass leaves before and after the pretreatments 
with concentrated alkaline peroxide, diluted alkaline peroxide and acid-alkali in 
different magnifications in every column. 
The morphology of the elephant grass leaves before the pretreatments ( in 
natura) (Figure S2a-c) shows a compact surface, where the cell wall fibers are joined 
and covered by protecting layers and particulate material. After the alkali step (NaOH 
5%) of the concentrated alkaline peroxide pretreatment (Figure S2d-f), the image at 
low magnification (Figure S2d) shows twisted fibers, not compact anymore and with 
increased surface area. At higher magnification (Figure S2e-f), the surface appears 
rougher than before, and surface layers seemed to have been removed. After the 
bleaching step (treatment with NaOH 4% (w/w) and 7% (v/v) H2O2), the sample is 
much more fibrillated, presenting small particles that, when amplified (Figure S2h) 
show the presence of even thinner fibers. Cellulose microfibrils were also evident on 
the sample surface after pretreatments (Figures S2f and S2i), clearly more exposed 
to hydrolysis action for nanocrystal preparation than they were before (Figure S2c).  
The solid morphology after the two steps of dilute alkaline peroxide is 
similar to what was described for the concentrated alkaline peroxide, but a lower 
degree of degradation can be noticed in the solids (Figure S2j-p), confirming that this 
treatment was less severe than the concentrated one. Detaching fibers can be 
observed in mercerized samples (Figure S2j-l), but they are less twisted and tend to 
keep the arrangement they had originally in the cell wall. Bleaching with NaOH 2% + 
H2O2 2.6% also promoted unpacking of the cell wall (Figure S2n-p), where 
individualized fibers can be seen, but to a lesser extent than that observed with 
concentrated alkaline peroxide.  
In the acid-alkali treatment, the acid step (H2SO4 1%) removed material 
from the surface of the fibers, evidencing the contours of the plant cell walls (Figure 
S2q-r). According to the data presented in Table 1 of the manuscript, this treatment 
removes more hemicellulose from the leaves, resulting in a fibrous substrate with 
only 7.6% (w/w) of hemicellulose. However, the compact surface of the cell wall has 
been maintained and the fibers of the conducting vessels of the plant remain 
attached. The alkaline step (NaOH 2%) was responsible for unpacking the cell wall, 
separating the fiber bundles and showing fibrils in the cell wall, whose contour 
became more evident as the other components were removed (Figure S2t-v). 
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In general, in all of the three methodologies employed, at the end of the 
pretreatment, the plant cell wall of the elephant grass leaves appears to be rougher 
and with increased surface area. This is associated to the removal of amorphous 
constituents such as hemicellulose and lignin, so that the lower the content of these 
components, the greater the defibrillation of the material, the higher its surface area 
and the exposure of the crystalline fibers to hydrolysis in a following step.  
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Figure S2 Secondary electron images (SEI) obtained by FESEM on the surface of 
elephant grass leaves before and after pretreatments: (a-c) in natura; (d-f) after alkali 
pretreatment with NaOH 5% (w/v); (g-i) after bleaching with NaOH 4% (w/w) and 
H2O2 7% (v/v); (j-m) after alkali pretreatment NaOH 2%; (n-p) after bleaching with  
NaOH 2% (w/v) and H2O2 2.6% (v/v)); (q-s) treatment with H2SO4 1% (v/v); (t-v) 
treatment with NaOH 2% (w/v). 
 
 
Overview of the products obtained in elephant grass fractionation to cellulose 
nanocrystal production production 
 
Figures S3 and S4 show the weight (in kg) that can be obtained from 
different components in the production of cellulose nanocrystals through 
concentrated and diluted alkaline peroxide pretreatments. In both pretreatments, the 
liquors from the first alkali step are rich in xylose and lignin and the liquors from the 
second step (bleaching) do not present significant amounts of any components. On 
the other hand, the liquors obtained in hydrolysis differ: while in the concentrated 
peroxide pretreatment they present more glucose (5 kg) than xylose (2.5 kg), in the 
diluted peroxide, the liquors are richer in xylose (5 kg) than in glucose (3.1 kg) and 
still present lignin fragments (3.5 kg). 
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Figure S3 Overview of the products obtained in elephant grass fractionation to 
nanocrystal production via the concentrated peroxide pretreatment. In liquors, 
individual components and biomass fractions (cellulose, hemicellulose, lignin, others) 
are expressed in weight (kg), while in solids, fractions are expressed in percentage 
(%) or weight (kg). 
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Figure S4 Overview of the products obtained in elephant grass fractionation to 
nanocrystal production via the diluted peroxide pretreatment. In liquors, individual 
components and biomass fractions (cellulose, hemicellulose, lignin, others) are 
expressed in weight (kg), while in solids, fractions are expressed in percentage (%) 
or weight (kg). 
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Abstract 
 
The potential of the crystallization pressure of sodium and magnesium 
sulfates to break down and to defibrillate elephant grass cell wall was evaluated in 
this work, aiming at the implementation of a new, environmentally friendly and low-
cost methodology to obtain micro and nanofibrilated cellulose. Elephant grass leaves 
in natura and delignified were soaked in Na2SO4 and MgSO4 solutions and then 
underwent oven drying at 105 ± 3 °C to promote salt crystallization. Damages caused 
by salt crystallization pressure within the cell walls were evaluated by field emission 
scanning electron microscopy (FESEM), energy dispersive x-ray spectroscopy 
(EDS), X-ray diffraction (XRD), and X-ray microtomography. Na2SO4 showed to be 
more effective to unpack and defibrillate the cell wall by crystallization pressure, as 
compared to MgSO4. Besides this, both salts had more noticeable effects in samples 
previously delignified than in samples in natura. Nanofibrilated cellulose was 
obtained by Na2SO4 action and also after shearing fibers treated with an aqueous 
MgSO4 solution (30% (w/v)), glycerol and NaOH 5% (w/w). In general, the treatment 
with salts did not alter the crystallinity index (CI) of the samples, which lied within 48-
72%.  
 
3.0 INTRODUCTION 
Lignocellulosic biomass, mainly composed by cellulose, hemicellulose and 
lignin, is a renewable source of chemicals, biofuels and nanoparticles1,2. To obtain 
these bioproducts, the closely packed assembly of cell wall components need to be 
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broken down, which is commonly achieved by using chemical, physical, biological 
and mechanical treatments1,3–5. Lignocellulosic substrates evolved to be highly 
recalcitrant to these treatments, however. Lignin structuration and the highly 
crystalline nature of cellulose provide mechanical resistance, while the presence of 
waxes in the cuticular layers and of lignin within the cell wall responds for the 
waterproof character of these substrates. Finally, there is the physical barrier formed 
by the well engendered and complex structure of the plant cell wall components as a 
whole3,6–8. 
Several pretreatment technologies are available, aiming at different 
products, optimized fractionation routes or specific final applications9,10. Within a 
comprehensive list of methodologies, pretreatments include thermochemical 
procedures using water or diluted solutions of acids, alkalis, sulphite or alcohols 
under heating; methods using supercritical fluids or ionic liquids; ammonia and vapor 
explosion; biological pretreatments based on the action of microorganisms; and also 
physical methods, such as milling and irradiation with microwaves or ultrasound, 
which are typically applied in association to thermochemical procedures10–13. 
Pretreatments can act separating cell wall components by hydrolysis or 
changing the wettability of the plant biomass. Alternatively, they can also have a 
more physically action on the substrate, increasing porosity and surface area, or 
simply decreasing cellulose crystallinity or polymerization degree12,14. Pretreatments 
are fundamental steps in the future biorefineries, where they can be used, for 
instance, to remove lignin and hemicellulose from lignocellulosic substrates, resulting 
in a solid matrix enriched in pure cellulose. While this cellulosic substrate can be 
saccharified to obtain bioethanol or hydrolysed to produce nanocrystals and 
nanofibrils, lignin and hemicellulose can be recovered from the hydrolysis liquors to 
be used as building blocks for chemicals and materials1,15.  
Ideally, pretreatments should be time and energy-saving, inexpensive and 
environmentally friendly by avoiding the use of harmful reactants or the production of 
a large amount of residues or toxic by-products2,9. Combining all these advantages is 
a challenging task, so that the investigation of pretreatment methods optimized to 
specific applications and biomasses is a dynamic research area nowadays. 
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This work proposes an original physical pretreatment to promote 
deconstruction of plant cell wall, based on the crystallization pressure of salts within 
confined environments. Solutions containing salts may diffuse into the porous of 
lignocellulosic substrates, leading to salt crystallization upon drying or temperature 
changes. Crystal growth will exert tensile stress on the hosting porous walls, 
breaking down the cell wall structure, creating cracks and porous, or forming 
detachable layers. This would facilitate the enzyme access to the substrate, in the 
case of enzymatic hydrolysis for bioethanol production2,6,16, and also the prospection 
of cellulose micro and nanoparticles, useful to material production1,17,18. It is a simple 
method, based on cheap, atoxic and reusable salts, which can provide thus a 
sustainable and green alternative for biomass processing.  
Crystallization pressure of salts is a well-known phenomenon in civil 
construction and conservation science, where it has disastrous consequences. The 
crystallization of salts within the pores of stones or concrete is a major cause of 
weathering in monuments, artworks, bridges, buildings, and so on19–22. Water 
penetrates the porous structure of the stone carrying soluble salts that can precipitate 
due to different reasons. A drop in temperature, for instance, can lead to 
crystallization in salts whose solubility increases with temperature. Evaporation and 
the consequent increase in solution concentration is also recognized as an important 
driving force to salt crystallization19,20.  
According to Correns’s equation: 𝑃 =  
𝑅𝑇
𝑉𝑠
 . ln 
𝐶
𝐶𝑠
, the crystallization 
pressure exerted by a growing crystal (P, in atm) depends on the temperature (T in 
Kelvin), on the molar volume of the solid salt (Vs, in L/mol), and on the 
supersaturation degree (
𝐶
𝐶𝑠
), where C is the solute concentration, Cs is the saturation 
concentration of the solution, and R is the gas constant (0.082 L.atm/mol.K)23. 
Though this equation includes important aspects of salt crystallization, it does not 
explain all the experimental observations, such as the distinct damaging effects of 
different salts22.  
Sodium sulfate (Na2SO4) and magnesium sulfate (MgSO4) have been widely 
studied in this field20,21,24. According to theoretical calculations based on Correns’ 
equation, the crystallization pressure of MgSO4 varies from 67 to 1840 atm, while for 
Na2SO4, it ranges from 72 to 1965 atm, depending on the saturation ratio (C/Cs=2 or 
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50), on the temperature (0 to 50C) and on the crystal form23. Sodium sulfate has two 
stable crystallization forms in nature: mirabilite (Na2SO4.10H2O) and thernadite (the 
anhydrous phase, with 5 identified polymorphs - phases I, II, III, IV and V). 
Magnesium sulfate, in turn, can assume 3 hydrated forms: epsomite (MgSO4.7H2O), 
hexahydrite (MgSO4.6H2O) and kieserite (MgSO4.H2O)19.  
Ruiz-Agudo and collaborators compared the damages caused by the 
crystallization of MgSO4 and Na2SO4 within the pores of a limestone, using 
techniques that enabled the visualization of the crystallization process in situ at a 
macro and a microscale19. They observed that mirabilite (Na2SO4.10H2O) tends to 
crystallize in conditions of low saturation and in larger pores near the surface of the 
stone, resulting in a macroscopic weathering pattern dominated by scale formation 
and lifting. Epsomite (MgSO4.7H2O), on the other hand, precipitates under high 
supersaturation conditions filling large and small pores throughout the porous 
network of the stone, resulting in the propagation of cracks in its bulk19.  
To have an effective damaging action, the crystals should grow inside the 
pores of the material, avoiding efflorescence22. Other factors that also proved to be 
important are the viscosity of the salt solution19, and the need of a saturated liquid 
film between the face of the growing crystal and the confining walls . The presence of 
this liquid film of saline solution allows the continuous growth of the crystal by the 
addition of extra ions in the crystalline lattice. If a growing crystal completely closes 
the gap between two confining walls, no crystallization pressure is observed, since 
new layers of salt ions cannot be added22,25.  
Desarnaud and collaborators also demonstrated that the liquid salt 
solution should wet the wall of the confining medium in order to a crystal pressure to 
be detected22. These authors measured the pressure exerted by the growth of NaCl 
and KCl crystals at microscale, in a space confined by glass walls, and during 
evaporation of the salt solution. Before crystal nucleation, an attractive capillary force 
is measured between the glass plates, as a consequence of the salt solution 
entrapped between them. As the crystal grew, there was a growing repulsion 
between the glass wall and the surface of the crystal, separated by a thin film of 
solution, generating a pressure that pushed the two surfaces apart. According to the 
authors, this crystallization pressure would be a consequence of predominant 
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repulsive forces between the crystal and the wall surface, provided that they have 
charges of the same sign. When the confining glass plate is made hydrophobic by 
silanization, crystallization pressure was not detected, thus indicating the importance 
of the surface wetting behavior22.  
In the present work, the morphological changes in elephant grass cell wall 
due to MgSO4 and Na2SO4 growing crystals within the biomass confined pores were 
evaluated, aiming at the isolation of cellulose micro and nanoparticles. Biomass 
leaves in natura and delignified with a sequential acid-alkali treatment, using diluted 
H2SO4 (1% v/v) and NaOH solutions (2% w/v) at 120 C, were used as starting 
materials. In addition, a cellulose fibrillation technique was also implemented, where 
the delignified leaves were first impregnated with a solution of MgSO4, followed by a 
two-step mechanical shearing with glycerol and a 5% (w/w) NaOH solution. Though 
the details of the degrading action of growing crystals in different substrates are not 
yet fully elucidated, their rupturing ability can be used as a powerful mechanical 
agent to promote plant cell wall deconstruction.  
 
3.1 METHODS 
 
3.1.1 Materials 
Elephant grass leaves were collected from 12-month-old plants kindly 
provided by the Institute of Animal Science of Nova Odessa (Instituto de Zootecnia, 
Nova Odessa-SP, Brazil). Biomass was dried in a convection oven (Tecnal TE-394/3, 
Piracicaba-SP, Brazil) at 60 °C for 24 h, and then knife milled (SOLAB – SL 31, 
Piracicaba-SP, Brazil) until passing through a 2 mm sieve. The reagents used in 
biomass pretreatments and in crystallization assays (H2SO4, NaOH, anhydrous 
Na2SO4 and MgSO4.7H2O) were all purchased from Synth (Diadema-SP, Brazil).  
 
3.1.2 Pretreatments with acid (H2SO4) and alkali (NaOH) 
Part of elephant grass samples was delignified before the salt 
crystallization procedure, using an acid-alkali pretreatment carried out in two steps. In 
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the first step, samples underwent hydrolysis with diluted acid (H2SO4 1% (v/v) at 
120C) and, in a second step, they were delignified with NaOH 2% (w/v) at the same 
temperature, as previously described1. The only difference between the procedure 
used here and the previous one is that the samples were not dried after the first acid 
hydrolysis and entered the alkali pretreatment still wet. At the end of the process 
(after the acid and the alkali steps), part of the fibers were oven dried at 60 °C for 6 h 
(named dried AA), while another part was kept immersed in water (named AA) until 
the next step (24 h maximum). This procedure was performed to avoid pore closing 
during sample drying in delignified biomass (hornification). Prior to use, these AA 
samples were filtered through a 180-thread tissue to remove the water excess. It 
contained 81% (w/w) of moisture, as determined in an infrared balance (METTLER 
TOLEDO MD-20, Columbus-OH, USA).  
 
3.1.3 Salt crystallization pretreatment using sodium sulfate and magnesium 
sulfate salts in oven 
Elephant grass leaves in natura and delignified (AA) were placed in 
beckers to which 20 mL of solutions (30% (w/v)) of sodium sulfate or magnesium 
sulfate were added at 35C. Saturation concentration (Cs) of these salts at 30 C is 
29 g/100 mL for anhydrous Na2SO4 and 71 g/100 mL for MgSO4.7H2O26,27. The 
sample weight added to the Becker was calculated as 0.91 g in a dry weight basis 
(1.0 g for sample in natura containing 9% of humidity and 4.8 g for AA, containing 
81% of humidity). Each vessel was homogenized with a glass stick for 1 minute and 
taken to a preheated oven at 105 ± 3°C for 2 h. Every 30 minutes of drying, the 
system was homogenized with the glass stick for 1 minute. Finally, samples were 
dried in a clean room with controlled temperature and humidity (20 °C and RH=50%) 
for 6 days. Salt was then removed by dialysis, by adding 30 mL of water to the solids, 
which were then transferred to dialysis bags and placed in a beaker with distilled 
water. Dialysis water was changed daily for 6 days. After this period, the fiber 
suspension was frozen under liquid N2 and freeze-dried. Figure 3.1 shows a scheme 
summarizing the salt pretreatment procedure applied to elephant grass samples and 
the respective nomenclature of the samples. In natura leaves (IN) and delignified 
leaves (AA) in the presence of magnesium sulphate (MS) and sodium sulphate (SS) 
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salts were named IN-MS, IN-SS and, AA-MS, AA-SS, respectively. After removing 
the salts by dialysis and lyophilization, these solids were named IN-MS-dl, IN-SS-dl 
and AA-MS-dl, AA-SS-dl, respectively (Please, see the list of abbreviations at the 
beginning of the thesis).  
 
Figure 3.1 Summary of the salt crystallization pretreatment using magnesium and 
sodium sulfates applied directly to elephant grass leaves in natura (route 1) or after 
the acid alkali pretreatment (route 2). After salt crystallization, samples were dialyzed 
to remove the salt and lyophilized (see list of abbreviations at the beginning of the 
thesis). 
 
3.1.4 Defibrillation of dried AA samples by shearing using MgSO4, glycerol and 
NaOH 
This procedure started with samples previously pretreated and dried (dried 
AA) and followed four different routes, as illustrated in Figure 3.2. In routes 1 to 3, 
samples (1 g) were swollen in 10 mL of water at room temperature for 2 h, and then 
the liquid excess was removed by filtering the samples through filter paper. 
Subsequently, the substrates were placed in Petri dishes with 20 mL of a MgSO4 
solution (30% (w/v)) and let to dry (partially) in an air circulation oven at 45 °C for 
approximately 12 hours to allow salt crystallization. This solid was named s-MS (from 
swelling in water and drying with MgSO4). 
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In route 1, the solid s-MS (still containing salt) underwent 2 steps of 
shearing (5 minutes each), using a polyethylene shear plate with a nylon cylindrical 
piece (diameter = 10 cm) coupled to a low speed (100 rpm) motor shaft (Fisatom, 
model 713S). In the first step, the s-MS solid (0.1 g) was swollen in 0.4 mL of glycerin 
for 10 minutes and sheared for 5 minutes. Then, 0.1 mL of a NaOH solution 5% 
(w/w) was applied on the sample using a micropipette and shearing was carried out 
for another 5 minutes.  
Glycerol promotes swelling of the cellulose because it is capable of 
forming hydrogen bonds with the hydroxyls present in the amorphous regions of 
cellulose, while dilute basic solutions act by deprotonating these groups28–30. In 
addition, in alkali medium, magnesium sulfate can be converted to magnesium 
hydroxide (insoluble base). The presence of this solid in the cellulosic structure also 
facilitates fibrillation during cellulose shear.  
After this second shearing step, samples acquired the appearance of a 
paste, which was then transferred to centrifuge tubes and rinsed with water (ca. 40 
mL) by centrifugation at 4000 rpm for 10 min. As the material still have an alkaline pH 
after this rinsing procedure, drops of a 5% (v/v) solution of H2SO4 were added to 
reach pH 6 - 7. Finally, the system was washed again with more 40 mL of water by 
centrifugation. These samples were named s-MS-sh2gh, where sh means shearing, 
2 is the number of shearing steps, and g and h mean glycerol and sodium hydroxide, 
respectively (route 1 in Figure 3.2). 
To evaluate the effect of each step on the fibrillation, the two shearing 
procedures were applied separately in sample s-MS (routes 2 and 3 in Figure 3.2). In 
route 2, only the glycerol shearing was applied, producing the samples named s-MS-
sh1g, while in route 3, only the 5% (w/w) NaOH shearing was performed, producing 
sample s-MS-sh1h. 
In an alternative preparation (route 4 in Figure 3.2), solid MgSO4 (0.6 g) 
was added directly to the dried AA substrate (0.1 g). This mixture was homogenized 
in a Becker with a glass stick for 1 minute. Then, 0.4 mL of glycerol were added, and 
after 10 min, the solids were transferred to the shearing plate and underwent  the two 
shear steps and washing by centrifugation, as previously described. 
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Figure 3.2 Summary of the four routes used to defibrillate elephant grass samples (dried AA), using magnesium sulfate 
crystallization and shearing with glycerol and/or sodium hydroxide solution, producing the solids: s-MS-sh2gh (route 1), s-
MS-sh1g (route 2), s-MS-sh1h (route 3), MS-sh2gh (route 4) (see list of abbreviations at the beginning of the thesis). 
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3.1.5 Scanning electron microscopy (SEM) 
Sample morphology was analyzed in a field emission scanning electron 
microscope (FESEM) Quanta 650 (FEI, Hillsboro, USA), operating at 3 kV. Sample 
AA (wet) was dried under ambient conditions prior to analysis, while the other 
samples were already dried, as previously described. Dried samples were fixed on 
the sample holder with carbon tape and coated with an iridium film (ca. 5 nm), using 
a BALTEC MED 020 sputter coater (Oerlikon-Balzers, Liechtenstein), operating at 
13.4 mA for 70 s. At least 20 images per sample were obtained to ensure the 
reproducibility of the results. Elemental analyzes were carried out on the same 
microscope, using a dispersive energy spectroscopy analyzer (EDS) Oxford X - max 
N 50 (Oxford instruments, United Kingdom), with 10 kV acceleration voltage. 
Solid samples were also imaged by conventional SEM in a JEOL-JSM 
6360LV microscope (Tokyo, Japan), operating at 10 kV. Prior to the analyses, 
samples were coated with a thin layer (16 nm) of Au/Pd using the same sputter 
coater previously described, operating at 13.4 mA for 100 s. Elemental analyzes 
were also carried out in this SEM equipment, using a EDS analyzer Noran System 
Six, with the same acceleration voltage. 
 
3.1.6 X-ray diffractometry (XRD) 
XRD analyzes were performed using a Shimadzu diffractometer, model 
XRD 7000 (Kyoto, Japan, with Cu target, Kα λ = 0.15406 nm), operating at 40 kV and 
30 mA. The measurements were carried out at room temperature, with an angular 
variation of 2θ between 5 and 60 ° at a scanning speed of 2 ° min-1. About 100 mg of 
powdered samples were analyzed in an aluminum sample holder. Thernadite and 
epsomite salts were identified by comparison with standards in literature31,32. The 
method proposed by Seagal and collaborators was used to calculate the crystallinity 
index (CI) of the cellulosic substrate33. 
 
3.1.7 X-ray computed microtomography (Micro-CT) 
Three samples of elephant grass leaves (in natura, dried AA and s-MS) 
were selected to be analyzed by X-ray microtomography using a Skyscan 1272 
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equipment (Brucker, Billerica, USA), operating at 20 kV, 175 µA, with a 0.4° rotation 
step, 5 frames per position, and nominal resolution of 2.5 µm. The software NRecon 
(version 1.6.10.4 SkyScan) was used to reconstruct 3D images from cross section 
images, using the Feldcamp algorithm. For the reconstruction, ring artifact correction 
number 20 was applied and smoothing correction level 1 was used for noise 
reduction. Contrast limits of electronic density were selected at the same range for all 
the samples, allowing comparisons between them. For 3D visualization and image 
acquisition, the CTVOx software (version 2.2.3.0, SkyScan) was used. Specific 
surface area values were calculated using the CTan software (version 1.14.4.1, 
SkyScan) in randomly chosen volumes of interest in each sample. 
 
3.2 RESULTS AND DISCUSSION 
 
3.2.1 Morphological changes due to salt crystallization 
Before any crystallization event, elephant grass leaves in natura showed a 
surface morphology typical of knife milled biomass pieces (Figure 3.3 (a)). An 
amplified image of these pieces (Figure 3.3 (b)) revealed a smooth surface, where 
the cell wall internal structures are covered by a cuticular layer. After MgSO4 
crystallization (following route 1 in Figure 3.1), sample IN-MS presented a cracked 
layer of salt covering the surface (Figure 3 (c, d)). EDS analysis coupled to FESEM 
(Figure 3.4 (a, b)) showed that this sample contains the elements Mg, O, and S, 
together with C in a smaller amount, which confirms that this salt crust is formed by 
MgSO4. After MgSO4 removal (sample IN-MS-dl in Figure 3.3 (e, f)), no significant 
changes in the surface of elephant grass leaves were observed, as compared to the 
leaves in natura. 
After Na2SO4 crystallization in samples in natura (route 1 in Figure 3.1), 
the surface appears covered by particulate material (sample IN-SS in Figure 3.3 (g, 
h)). These microparticles are composed by sodium, oxygen, sulfur and carbon (in a 
small amount), as indicated by EDS spectroscopy (Figure 3.4 (c, d)), which confirms 
the presence of Na2SO4 particles in this cell wall. In the case of Na2SO4, after the 
removal of the salt, significant defibrillation can be observed in some spots on the 
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sample surface (Figure 3.3 (I, j)). In previous works dealing with cement and rocks, 
sodium sulfate is also recognized as a particularly damaging agent in comparison to 
MgSO420. 
Defibrillation is concentrated on the surface of the biomass pieces, 
however and limited to specific spots. Biomass pieces as a whole kept their integrity. 
Biomass samples impose barriers to the penetration of aqueous solutions, due to the 
presence of lignin within the cell wall and also of waxes in the cuticular layer. Waxes 
have a hydrophobic character and are formed mainly by long hydrophobic alkyl 
chains (saturated or unsaturated), which may also contain various functional groups, 
such as fatty acids, esters, alcohols, diols and ketones34,35. The physiological 
function of these hydrophobic substances on the leaf surface is to control 
evaporation, wettability and hydration34,36. In practical terms, they complicate 
biomass wetting in pretreatments and other process. In addition, in natura leaves 
also have a high lignin content (28% wt. of the sample dry weight), which also 
contributes to waterproofing. 
To improve biomass wettability and porosity, biomass defibrillation by salt 
crystallization was also tested in elephant grass leaves previously pretreated with a 
thermochemical acid-alkali procedure (route 2 in Figure 3.1). As previously reported1, 
this chemical treatment is able to remove completely the extractives and waxes from 
the cell wall, which represented 12.3% of the weight in the biomass in natura. After 
the acid-alkali treatment, the lignin content also decreased significantly from 28.0% in 
leaves in natura to 10.5% (w/w). Besides this, the substrates had their hemicellulose 
content decreased (24.7% to 7.4% (w/w)) and became enriched in cellulose (41.8% 
to 83.5% (w/w)), as compared to samples in natura1. 
After the acid-alkali pretreatment steps, changes in fiber morphology also 
took place, as shown in FESEM images (Figure 3.5 (a, b) in comparison to Figure 3.3 
(a,b)). Sample particles in Figure 3.5 (a) appear distorted and partially defibrillated. 
The surface covering layer observed in sample in natura (Figure 3.3 (b)) seem to had 
been removed and cell contours are evidenced in Figure 3.5 (b) for sample AA. The 
closely packed surface is maintained, however, and the plant fiber bundles remain 
most attached to each other in the cell wall.  
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Figure 3.3 Surface morphology of elephant grass leaves after salt crystallization starting 
from samples in natura: (a, b) before the pretreatments (In natura); (c, d) after crystallization 
of MgSO4 (IN-MS); (e, f) after the removal of crystallized MgSO4 (IN-MS-dl); (g, h) after 
crystallization of Na2SO4 (IN-SS); (I, j) after the removal of crystallized Na2SO4 (IN-SS-dl).  
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Figure 3.4 Energy dispersive X-ray spectroscopy (EDS) obtained in samples after salt 
crystallization: (a, b) IN-MS; (c, d) IN-SS; (e, f) AA-MS; (g, h) AA-SS. Spectra on the 
right were obtained inside the cycles indicated in the images on the left. The 
presence of Ir is due to sputtering during sample preparation. 
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Figure 3.5 Surface morphology of elephant grass leaves after salt crystallization 
starting from samples after the acid-alkali treatment: (a, b) starting sample (AA); (c, d) 
after crystallization of MgSO4 (AA-MS); (e, f) after the removal of crystallized MgSO4 
(AA-MS-dl); (g, h) after crystallization of Na2SO4 (AA-SS-dl); (i, j) after the removal of 
crystallized Na2SO4 (AA-SS-dl).  
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When this sample AA is treated with the MgSO4 solution (route 2 in Figure 
3.1), sample fibrillation is achieved (sample AA-MS in Figure 3.5 (c)), together with a 
crust of salt covering the surface (Figure 3.5 (d)). The identity of the salt is confirmed 
by EDS analysis (Figure 3.4 (e, f), which showed the presence of Mg, S, O and a 
small amount of C. After removal of the MgSO4 crust (sample AA-MS-dl in Figure 3.5 
(e, f)), cell wall unpacking and fibrillation can be observed, as compared to the 
sample AA in Figure 3.5 (a), showing the effective action of MgSO4 crystallization to 
cell wall rupture. Sample AA-MS-dl in Figure 3.5 (f) show particles defibrillated to a 
microscale. These particles coexist with thicker fibers, as shown in Figure 3.5 (e), 
indicated by red arrows. 
Crystallization of Na2SO4 in the substrates previously treated with acid-
alkali also resulted in significant fibrillation of the plant cell wall (sample AA-SS-dl in 
Figure 3.5 (i, j)). Before salt removal, Na2SO4 particles are spread throughout the 
sample (Figures 3.5 (g, h)), and their removal reveals a highly fibrillated 
morphological pattern (Figure 3.5 (I, j)). Elemental analysis confirms the presence of 
Na2SO4 in AA-SS solids by EDS (Figures 3.4 (g, h)). FESEM images of AA-MS-dl, 
IN-SS-dl and AA-SS-dl samples at higher magnification are shown in Figure S1 in 
Supplementary Material 
Due to the coexistence of cellulosic substrates with different dimensions 
and morphologies, the different effects of sodium sulphate crystallization on 
delignified elephant grass leaves are shown in detail in Figure 3.6. A nanostructured 
substrate was observed in Figure 3.6 (a, b), while in Figure 3.6 (c, d) micrometer 
particles probably resulting from the removal of layers of the cellulosic fiber (indicated 
by red arrows) were found. 
Fibrillation successful results in substrates previously pretreated (AA) 
confirms that though the crystallization pressure is strong enough to break cell walls, 
the substrate recalcitrance to permeation is a crucial factor. Improving the diffusion of 
salt solutions through the lignocellulosic structure is thus and important initial step to 
achieve good fibrillation results. Pretreatments contribute with chemical important 
changes involving wettability, such as the removal of extractives and lignin, and also 
with physical changes related to increased porosity and contact surface area.  
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An important characteristic of these fibrillation based on salt crystallization 
pressure is the high yield of final fibrillated substrates with respect to the starting 
material: IN-MS-dl (85% w/w), IN-SS-dl (80% w/w), AA-MS-dl (93% w/w) AA-SS-dl 
(91% w/w). However, the material has fibers with different thicknesses 
 
 
Figure 3.6 Surface morphology of elephant grass leaves after salt crystallization in 
samples AA-SS-dl, highlighting: (a, b) the formation of a nanostructured substrate; 
(d) microparticles indicated by the red arrows, in an amplified region of (c). Images in 
(b) and (d) are amplification of (a) and (c), respectively, within then highlited 
retangules 
 
3.2.2 Salt and substrate characterization by X-ray diffractometry (XRD) 
Depending on the salt used and its crystalline system, different forms and 
pressures of crystallization can be achieved. For example, magnesium sulfate can 
crystallize in solution as epsomite (MgSO4. 7H2O, orthorhombic crystal system, T < 
48.4°C) or in the form of kieserite (MgSO4, monoclinic crystal system, T > 68 °C). 
Sodium sulfate can crystallize from solution as thernadite (Na2SO4, orthorhombic 
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crystal system, T > 32.4 °C) or as mirabilite (Na2SO4. 10H2O, monoclinic system, T < 
32.4 °C). Sodium sulfate crystallizes in the form of thernadite also when it crystallizes 
in confined environments19,20. X-ray diffraction was therefore used to identify the 
crystalline forms of the crystallized MgSO4 (Figure S2 (a)) and Na2SO4 salts (Figure 
S2 (b)), which are responsible for the breakdown of elephant grass samples. By 
comparison with literature standards31,32,37, it is possible to verify the presence of the 
heptahydrate form of magnesium sulfate (epsomite) and sodium sulfate anhydrous 
salt (thernadite) can be verified in both in natura and delignified leaves. 
 Considering the crystallinity index of the substrate in the absence of salts, 
elephant grass leaves presented an increased crystallinity index (CI) after the acid-
alkali pretreatments (CI=72%), as compared to the sample in natura (CI=48%) (Table 
3.1), which is related to the removal of amorphous biomass components, such as 
lignin and hemicellulose1,7.  
Table 3.1 Crystallinity indexes of elephant grass leaves in natura and delignified after 
magnesium and sodium sulfate cristallization. 
Sample CI (%) 
In natura 48 
IN-MS-dl 48 
IN-MS-dl 48 
AA 72 
AA-MS-dl 66 
AA-SS-dl 68 
 
Treatments with sodium and magnesium sulfate did not significantly altered 
the crystallinity index of the AA substrate, since the CI values for samples AA-MS-dl 
and AA-SS-dl were 66% and 68%, respectively, as compared to 72% in AA. In 
comparison to the sample in natura (CI=48%), samples IN-MS-dl and IN-SS-dl both 
presented CI values equal to 48% (Figure S4 in the Supplementary Material) and do 
not resulted in significant crystallinity changes. Thus, crystallization of salts acted on 
cell wall rupturing in a scale larger than the one of cellulose nanofibrils and do not 
lead to modifications of cellulose crystalline structure. The X-ray diffractograms of the 
samples are shown in Figure S3 and S4 in Supplementary Material. High values of 
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crystallinity index in cellulosic substrates are important because they are associated 
with high stiffness and reinforcement effect in polymeric composites1.  
 
3.2.3 Defibrillation of dried AA by shearing using MgSO4, glycerol and NaOH 
Defibrillation by salt crystallization associated to shearing was applied to 
dried AA samples according to the procedures described in Figure 3.2. Shearing 
steps associated to MgSO4 crystallization were very effective to promote fibrillation in 
dried AA samples, as observed in SEM images in Figure 3.7 (c, d).  
SEM images show that the solid delignified (dried AA) (Figure 3.7 (a, b)) 
presented a morphology characterized by twisted and thick fibers, while amplified 
images on the surface of these fibers show distinct relief of smaller fibers joined in 
bundles (Figure 3.7 (b)). A similar morphology may be observed in the s-MS sample, 
which is a dried AA sample that underwent swelling and MgSO4 crystallization (Figure 
S5 (a) in the Supplementary Material). EDS analysis of this sample showed the 
distribution of Mg (more concentrated in green areas of the image) and S 
(concentrated in purple) in Figures S5 (b) and S5 (c), respectively.  
Sample s-MS-sh2gh (Figure 3.7 (c)) is formed by very short fibers, which 
appear defibrillated in amplified images (Figure 3.7 (d)). A high fibrillation level is also 
observed in sample MS-sh2gh (Figure 3.7 (e, f)), though the fibrils appear to be 
larger and thicker than in sample s-MS-sh2gh. The difference between these two 
samples is basically an additional MgSO4 crystallization step in s-MS-sh2gh, which 
indicates an important action of the salt crystallization pretreatment for substrate 
defibrillation (route 4 vs. route 1 in Figure 3.2). According to the routes described in 
Figure 3.2, sample s-MS-sh2gh underwent a swelling step for 2 hours, crystallization 
step of MgSO4 solution, swelling in glycerol and shearing for 5 min, then addition of 
NaOH solution and shearing for another 5 min, before washing and centrifugation. 
Sample MS-sh2gh underwent the same sequence of steps, except by the 
crystallization step of MgSO4 solution, which were replaced by the addition of solid 
MgSO4. Since the solid salt added in MS-sh2gh would also have a mechanical 
contribution to fibrillation under shearing, the most effective fibrillation result in s-MS-
sh2gh must have a significant effect of MgSO4 crystallization pressure to cell wall 
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rupturing. Figure 3.8 shows a SEM image of sample s-MS-sh2gh (route 1 in Figure 
3.2) at a relatively higher magnification (scale bar = 1µm).  
Fibrillation steps on the s-MS solid were also studied separately. SEM 
images of the s-MS solid that underwent one shear step with glycerol (route 2 in 
Figure 3.2) can be seen in Figure 3.7 (g, h), while the images of s-MS after one shear 
step with NaOH 5% (w/v) solution (route 3 in Figure 3.2) are shown in Figure 3.7 (i, j). 
Cell wall fibrillation is observed in both cases, though the fibers are longer and thicker 
than those achieved in sample s-MS-sh2gh (Figure 3.7 (c, d)), where two shearing 
steps were applied. In the amplified images (Figure 3.7 (h, j)), severe deconstruction 
of the cell wall is observed, but nanofibrils are not achieved, thus evidencing the 
importance of the two shearing steps to fibrillation. Also Figure 3.7 shows that the-
one step shearing using NaOH is more effective for fibrillation than the single step 
using glycerol. 
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Figure 3.7 Surface morphology of elephant grass leaves after salt crystallization and 
shearing: (a, b) samples after the acid-alkali treatment (starting material); (c, d) after 
crystallization of MgSO4 and 2 shearing steps (s-MS-sh2gh); (e, f) after solid MgSO4 addition 
and 2 shearing steps (MS-sh2gh);1 shearing step applied to sample s-MS: (g, h) with 
glycerol (s-MS-sh1g) and (i, j) with NaOH 5% (w /w) (s-MS-sH1). 
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Figure 3.8 SEM amplified image (scale bar = 1 µm) of sample s-MS-sh2gh. 
 
According to previous works, both the glycerol and the diluted sodium 
hydroxide solutions are able to swell and to disrupt the amorphous regions of 
cellulose, while maintaining their crystalline structure and fibrillar morphology29,30,38. 
Glycerol ability to cause swelling is due to the formation of hydrogen bonds with the 
hydroxyls present in the amorphous regions of cellulose, whereas diluted alkali 
solutions act by deprotonating the hydroxyl groups28,30. Therefore, glycerol and 
sodium hydroxide solutions may also have an important contribution to fibrillation by 
swelling the lignocellulosic substrate and reducing their internal cohesion. 
In addition, the presence of moisture itself is able to reduce the 
mechanical properties of cellulose. The modulus of elasticity in softwoods, for 
instance, can decrease around 50-70% in the presence of moisture, as previously 
reported39. Glycerol, sodium hydroxide and magnesium sulfate reduce thus the 
internal cohesion of the cellulose by different mechanisms, but do not defibrillate 
cellulose. Mechanical shearing is necessary to promote defibrillation. 
The presence of MgSO4 crystals within the elephant grass cell wall was 
confirmed by X-ray microtomography, which was used to reconstruct the internal 
morphology of these samples (Figure 3.9). Contrast in micro-CT images derives from 
regions with different electronic densities, since the higher the electronic density, the 
higher the X-ray absorption and the attenuation of the X-ray beam. Color scales in 
Figure 3.9 represent thus regions with different electronic densities (black to low 
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density, blue to high density, and intermediate colors to medium electronic densities), 
and both the surface (Figure 3.9 (a, b, c)) and the transverse section of the leaves 
(Figure 3.9 (d, e, f)) were imaged.  
Samples resulting from the acid-alkali pretreatment (dried AA in Figure 3.9 
(b, e)) showed a less dense morphology, as compared to the compact sample in 
natura (Figure 3.9 (a, d)) and also to sample s-MS (Figure 3.9 (c, f)). Darker regions 
in sample dried AA, indicated lower absorption of the X-ray beam in many areas of 
this sample, which is a consequence of the removal of non-cellulosic components 
during the acid-alkali pretreatment. Sample porosity and the internal surface area 
increased thus significantly after the chemical treatments. In sample s-MS, X-ray 
absorption is much higher (blue color predominant) as compared to the other two 
samples, due to the presence of crystalline MgSO4 filling the pores and the 
interstices of this substrate. The presence of the salt within the cell wall structure is 
evidenced by the cross-section images (Figures 3.9 (d, e, f)). 
 
 
Figure 3.9 X-ray microtomography of elephant grass leaves: (a, d) in natura; (b, e) 
delignified by the acid-alkali treatment (dried AA); (c, f) treated with MgSO4 after 
swelling (s-MS) (c, f). Longitudinal profiles in (a, b, c) and transverse sections in (d, e, 
f). 
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3.3 CONCLUSION 
The crystallization of sodium and magnesium sulfates salts into the porous 
structure of lignocellulosic substrates led to cell wall deconstruction. Damaging 
effects were attributed to the pressure that crystal exerts when growing in confined 
environments. This effect was mainly observed in delignified elephant grass leaves, 
where magnesium sulfate caused fibrillation and cell wall rupture, while sodium 
sulphate crystallization also produced a nanostructured cellulosic substrate in 
addition to these effects. Crystallization of salts did not promote significant fibrillation 
in leaves in natura due to the presence of lignin and extractives that hardened and 
waterproofed them. Delignified leaves are nanofibrillated when treated with 
magnesium sulfate, glycerol and sodium hydroxide solution together with low 
mechanical shear (100 rpm). The results presented herewith indicated an 
environmentally friendly pathway for cell wall processing to obtain micro and 
nanocellulose with low cost and lower energy requirements. 
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Caracterization of samples in natura and delignified after salt crystallization by 
FESEM (higher magnification): 
 
Figure S1 shows FESEM images of samples AA-MS-dl (Figure S1(a)), IN-
SS-dl (Figure S1(b)) and AA-SS-dl (Figure S1(c)) (routes 1 and 2 in Figure 3.1) at 
relatively higher magnifications (scale bar = 2 µm). The solid AA-MS-dl presented a 
rougher surface. In sample IN-SS-dl, cellulose nanofibrils were observed only on the 
substrate surface. In sample AA-SS-dl, cellulose microparticles were observed on the 
substrate surface. 
 
 
123 
STUDY OF ELEPHANT GRASS FRACTIONATION TO PRODUCE BIOMATERIALS AND USE OF SALT 
CRYSTALLIZATION PRESSURE TO DEFIBRILLATE THE PLANT CELL WALL 
 
  
 
 
Figure S1 FESEM surface images of elephant grass samples at higher magnification 
(scale bar = 2 µm): (a) AA-MS-dl, (b) IN-SS-dl and (c) AA-SS-dl 
 
Caracterization of samples in natura and delignified after salt crystallization by 
x-ray diffraction (XRD): 
 X-ray diffractograms in Figure S1 (a) showed that the heptahydrate form 
of magnesium sulfate (epsomite) is present in both samples IN-MS and AA-MS. In 
turn, in the diffractograms in Figure S1 (b) it is possible to verify the presence of 
sodium sulfate anhydrous salt (thernadite) in both the IN-SS and AA-SS samples. 
FESEM images of epsomite and thernadite on the AA substrate are presented in 
Figure S2 (c, d).  
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Figure S2 X-ray diffraction patterns of samples: (a) IN-MS and AA-MS; and (b) IN-SS 
and AA-SS and FESEM images of: (c) epsomite (MgSO4.7H2O); and (d) thernadite 
(anhydrous Na2SO4). 
 
Crystallinity of the solid in the absence of salt is also an important 
parameter to evaluate pretreatment effects on cellulosic substrates. Figure S3 shows 
XRD patterns of elephant grass in natura, and of pretreated samples AA, AA-SS–dl 
and AA-SS–dl. These last two samples were obtained after the removal of 
magnesium sulfate and sodium sulfate salts (route 2 in Figure 3.1). The salt peaks 
were eliminated from the diffractograms, as it can be observed. X-ray diffractograms 
present crystalline peaks more clearly defined in sample AA than in the sample in 
natura, for example, the shoulder at 15.5° and the peaks at 22.6° and 35.0° in 
sample in natura, became better defined after the acid-alkali treatment. The signals 
at 2θ = 15.5°, 22.6° and 35.0° refer to the crystallographic planes (101), (002) and 
(040), respectively, which are characteristic of the crystalline structure of cellulose 
type I1,2. 
The shifting of peak 002 (2 θ) to the right in the diffractograms of AA, AA-
MS-dl, AA-SS-dl in relation to the one of in natura leaves (Figure S3) can be 
attributed to an increase in hydrogen-bonds between cellulose sheets after the 
removal of amorphous constituents during the various treatments used. The 
presence of lignin and hemicellulose in the in natura leaves would lead to a greater 
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separation between hydrogen-bonded in cellulose sheets, thus promoting the 
widening and delay (2 θ) of peak 002 in this sample3. 
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Figure S3 X-ray diffractograms of elephant grass leaves in natura, AA, AA-MS–dl 
and AA-SS–dl, and their respective crystallinity indexes (CI).  
 
Crystallinity index changes on the substrate as a consequence of Na2SO4 
and MgSO4 crystallization (route 1) in Figure 3.1 were not observed. CI values stayed 
all close to 48%. 
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Figure S4 X-ray diffractograms of elephant grass leaves in natura, IN-MS–dl, IN-SS–
dl, and their respective crystallinity indexes (CI).   
 
Scanning electron microscopy (SEM) and Energy dispersive spectroscopy 
(EDS). 
Elemental analysis of s-MS solids obtained by energy dispersive 
spectroscopy (EDS) showed the presence of Mg and S. Figure S5 (a) shows the 
image of s-MS backscattered electrons, and in Figures S5 (b, c) it is possible to 
observe the distribution of elements such as magnesium and sulfur in this substrate, 
showing that magnesium sulfate is distributed thoughout the cellulosic matrix. 
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Figure S5 Elemental mapping obtained by energy dispersive spectroscopy (EDS) in 
sample s-MS: (a) backscattered electron image (BEI); (b) Mg map in green; and (c) S 
map in purple. 
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Abstract 
This work is focused on evaluating the reinforcing properties of cellulose 
nanocrystals (CNC) isolated from elephant grass in poly (L-lactic acid) (PLLA) and 
poly (L-co-D,L-lactic acid) (PLDLA), as well as the degradability of these 
nanocomposites for the preparation of biomaterials. To improve the dispersion of 
these nanoparticles in the polymer matrices, the surfactant Tween 20 was used in a 
1:1 (w/w) CNC:surfactant ratio. Tensile strength tests performed on PLLA 
nanocomposites showed a 35% increase in the Young’s modulus of the film 
produced with 5% (w/w) CNC, and a 25% increase in the tensile strength in the 
nanocomposites with 1% and 5% CNC. In the PLDLA, the incorporation of 1% (w/w) 
of Tween-20-treated nanocrystals promoted an increase in tensile strength and in 
Young’s modulus of 77% and 66%, respectively, which was attributed to a reinforcing 
effect of CNC but also to an antiplasticizing effect of the surfactant. Tween 20 acted 
as a dispersing agent of the nanocrystals and a surface compatibilizer in PLLA but 
was not able to promote complete dispersion of CNC in PLDLA. CNC did not 
promote any changes in the thermal properties of PLLA and PLDLA. After 120 days 
of in vitro degradation, low mass loss was observed for the films and 
nanocomposites of PLLA (2% - 4%) and PLDLA (7% - 17%). CNC tended to 
decrease the degrading rate in PLDLA and to accelerate it in PLLA, while polymer 
recrystallization was observed in both polymer matrices. 
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4.0 INTRODUCTION 
 
Cellulose nanocrystals (CNC) produced from different natural sources are 
promising renewable nanomaterials for various technological applications, including 
the production of polymer nanocomposites for medical devices1,2. CNC present high 
Young’s modulus, low density, high surface area, barrier properties, hydrophilic and 
chemically tuneable surface, biodegradability, renewability and, therefore, have been 
used as reinforcement in high-performance nanocomposites with environmental 
appeal3,4.  
The polymers derived from poly (lactic acid) (PLA) are frequently used in 
medical applications, since they are biocompatible, biodegradable, and 
bioreabsorbable5–7. Bioreabsorbable materials degrade, solubilize or are 
phagocytosed by the body after some time in contact with body fluids. They are thus 
very interesting as implants for bone and tissue repair because no further surgery is 
required to remove the material after its function is accomplished. In PLA 
degradation, polymer ester bonds are hydrolysed, producing soluble and non-toxic 
oligomers, which are converted into carbon dioxide and water by metabolic 
pathways, culminating in the bioreabsorption of the polymer5. 
However, the wetting properties of aliphatic polyesters need to be 
improved to provide an appropriate environment for cell further adhesion8. Purely 
hydrophobic substrates benefit the first stages of cell further adhesion, since they 
display high affinity for proteins, on which the cellular membrane receptors will bind. 
However, the following stages of cell growth, including cell further adhesion and 
spreading, are favoured in hydrophilic surfaces. Therefore, strategies to insert 
hydrophilic spots on polymer substrates are required, so that a balance between 
hydrophobicity and hydrophilicity can be reached8,9. In addition, it is necessary to 
modulate tensile strength, Young’s modulus, elongation at break and the 
degradability of these polymers in order to make them suitable for medical 
applications10–12. Thus, cellulose nanocrystals are excellent candidates for the 
improvement of these properties1,2. 
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Poly (L-lactic acid) (PLLA) is a semi-crystalline polymer with a relatively 
high Young’s modulus (2.7 GPa) and tensile strength (45 MPa)5,13. In addition, high 
molecular weight PLLA also exhibits extended degradation time in vivo, requiring 
about 5 years to be completely bioreabsorbed by the body14. CNC can act changing 
its degradation profile10. This polymer is employed in the elaboration of bone fracture 
fixation, sutures and, in tissue engineering, it is used as a support for the 
regeneration of bones, cartilage, tendons, nerves and arteries9,15–18. 
Poly (L-co-D,L-lactic acid) (PLDLA) is an amorphous copolymer (Tg 
between 55 and 60 °C) due to the random distribution of the L and D,L monomers in 
its chain, which hinders the orientation and the crystallization of the polymer chain. 
PLDLA has lower Young’s modulus and tensile strength as compared to PLLA, and 
also shorter degradation time in vivo (around 12-16 months), which is a time 
adequate for regeneration of bone fractures14. Additionally, PLDLA has been 
commonly used in drug delivery and tissue engineering systems7,19,20. 
Biodegradable polymers derived from lactic acid have been used as a 
matrix in the manufacture of nanocomposites with CNC. Depending on the volume 
fraction and on the dispersibility of the filler, the mechanical properties of these 
polymers can be substantially improved21,22. In hydrophilic systems, the 
reinforcement effect of cellulose nanocrystals is attributed to the formation of a 
percolated network within the polymer matrix, resulting from hydrogen bonding 
stablished between the nanoparticles21,23. The surface properties of nanocellulose 
determine the type of interaction between the dispersed phase within the 
nanocellulose network and the interfacial adhesion between the dispersed phase and 
the matrix. These interactions resulted in the final properties of the 
nanocomposites21,24.  
The hydrophilic nature of cellulose nanocrystals prevents the dispersion 
these particles into non-water-soluble polymers. Thus, it is necessary to modify the 
surface of the nanocrystals. The changes can be performed through non-covalent 
interactions, such as adsorption of surfactants or through covalent coupling of 
hydrophobic moieties on the surface of the cellulose nanocrystals24,25. Surfactants 
improve compatibility between CNC and polymer because the hydrophilic groups of 
the surfactant adsorb on the CNC surface, while its hydrophobic groups ensure 
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appropriate solubility in the composite matrix26. In this way, interfacial adhesion and 
dispersion of the CNC in the polymer matrix is improved25. In this context, the use of 
a non-ionic surfactants for the dispersion of cellulose nanocrystals in aliphatic 
polyesters was little explored. In literature, the non-ionic surfactant used for this 
purpose was Beycostat A27–29 
For example, Fortunati and collaborators30 prepared PLA nanocomposites, 
containing CNC modified with Beycostat A B09, in a 1:1 (w/w) surfactant: nanocrystal 
ratio. Nanocomposites were prepared by melt extrusion, followed by a film formation 
process, containing 5% (w/w) of CNC in the PLA matrix. The surfactant improved the 
nanocrystal dispersion in the polymer matrix and increased the Young’s modulus 
from 2400 MPa in pure PLA, to 2930 MPa in PLA with 5% CNC and to 4400 MPa in 
PLA with 5% CNC modified with Beycostat A. The elongation properties of the 
nanocomposites containing only CNC or surfactant-modified CNC, on the other hand, 
decreased from 90% in pure PLA, to 36% in nanocomposites with 5% CNC and to 
18% in nanocomposites containing 5% modified CNC. 
Polyoxyethylene (20) sorbitan monolaurate, commercially known as 
Tween 20 is a non-ionic and non-toxic surfactant used in biomedical applications, 
such as in proteins dispersion31 and drug transport across biologic membranes32. 
However, the use of Tween 20 to improve compatibility between CNC and polymers 
derived from poly lactic acid has not yet been reported. 
In this work, cellulose nanocrystals (CNC) were used to increase the 
degradability and to improve the mechanical properties of PLLA and PLDLA. The 
potential of Tween 20 to disperse the CNC extracted from elephant grass in these 
polymers was evaluated. The reinforcement effect of the cellulose nanocrystals in 
nanocomposites was evaluated by tensile strength tests. In vitro degradation of the 
nanocomposites in phosphate buffer from 0 to 120 days of degradation was also 
studied. The thermal properties and morphology of the films before and after in vitro 
degradation were determined by differential scanning calorimetry (DSC) and 
emission scanning electron microscopy (FESEM), respectively. 
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4.1 METHODS 
 
4.1.1 Materials 
PLLA (MM = 461.085 g/mol), polydispersity index (1.85) and PLDLA 
70/30, (MM = 420.687 g/mol), polydispersity index (1.9) were donated by Prof. Eliana 
A. R. Duek from PUC-SP, Sorocaba-SP. Chloroform and dichloromethane were 
purchased from Synth and the surfactant Tween 20 was purchased from Sigma 
Aldrich (technical sheet, Table 4.1). Cellulose nanocrystals (CNC) were extract from 
elephant grass, as previously described33. Briefly, the leaves of elephant grass were 
pretreated with concentrated alkaline peroxide, then CNC (aspect ratio L/D=30) were 
isolated from this substrate after 1h of hydrolysis with H2SO4 60% (w/w). 
Nanocrystals treated with Tween 20 (CNC-T20) were obtained by adding the 
surfactant to a suspension of nanocrystals in a 1:1 (w/w) ratio. This suspension was 
then dried in an air circulation oven at 50 °C, for 72h, until the system achieved the 
consistency of a gel, which was then lyophilized.  
 
Table 4.1 Tween 20 technical sheet. 
Properties Values 
Form Viscous liquid 
Molar mass 1228 g/mol 
Density 1.095 g/mL at 25 °C  
Flash point  >110°C 
Hidroxyl value 96-108 mg/g 
*CMC 0.06mM (20-25°C) 
* CMC = Critical Micelle Concentration  
 
4.1.2 Preparation of nanocomposites with CNC or CNC-T20 and PLLA 
Nanocomposites were prepared mixing 6 g of PLLA with CNC and Tween 
20 at different contents 0.06 g, 0.15 g, 0.30 g, which are equivalent to 1, 2.5 and 5 
parts per hundred parts of polymer, respectively, the nomenclature of the 
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nanocomposites was also designated in Table 4.2. CNC or CNC-T20 were immersed 
in a 1:1 (v/v) mixture of dichloromethane and chloroform, then dispersed under 
magnetic stirring for 2 h and sonicated (Maxiclean 1400, 40 KHz) for 5 min 
Separately, PLLA was solubilized in chloroform at a polymer: solvent ratio of 1:9 
(g/mL) under magnetic stirring for 1h at 45 °C. Thereafter, the nanocrystal dispersion 
and the polymer solution were mixed and stirred for another hour at 45 °C. This 
suspension was then sonicated (Maxiclean 1400, 40 KHz) for 1 min to remove 
bubbles and poured into a glass plate delimited by 1 mm diameter copper wires, 
which determined the thickness, the width and the length of the film. A glass rod was 
used to spread the liquid onto the glass plate and the solvent was evaporated in air 
for 72 h at room temperature. 
 
Table 4.2. PLLA and PLDLA nanocomposite formulation, with the amount of 
polymer, CNC and Tween 20 added to reach the final contents: 1, 2.5 and 5 parts of 
CNC and Tween 20 per hundred parts of polymer. 
Sample name Polymer (g) CNC (g) Tween 20 (g) 
PLLA 6 0 0 
PLLA-T20 6 0 0.30 
PLLA-CNC1% 6 0.06 0 
PLLA-CNC2.5% 6 0.15 0 
PLLA-CNC5% 6 0.30 0 
PLLA-CNC1%-T20 6 0.06 0.06 
PLLA-CNC2.5%-T20 6 0.15 0.15 
PLLA-CNC5%-T20 6 0.30 0.30 
PLDLA 6 0 0 
PLDLA-T20 6 0 0.06 
PLDLA-CNC1%T20 6 0.06 0.06 
PLDLA-CNC2.5%-T20 6 0.15 0.15 
PLDLA-CNC5%-T20 6 0.30 0.30 
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4.1.3 Preparation of nanocomposites with CNC-T20 and PLDLA 
PLDLA nanocomposites could not be prepared using the same solvent 
mixture used for PLLA, since it resulted in heterogeneous films and phase 
separation. Therefore, PLDLA nanocomposites were prepared following the same 
procedure described for PLLA, but using chloroform as a solvent and CNC-T20, as 
the dispersed phase (Table 4.2). Nanocomposite drying was also accelerated to 
avoid phase separation in the films, so that the films were allowed to air dry for 24h at 
room temperature and then for 12h in oven at 60 °C.  
 
4.1.4 Percolation threshold 
 
Equation 1 provides mass fraction information (𝝓m) of CNC at the 
percolation threshold34. Where L/D = 30 is the aspect ratio, ρc (1.25 g/cm3) and ρt are 
the densities of the CNC and of the total system, respectively. Since the amount of 
reinforcement used is low, the total density value (ρt) is considered as the polymer 
density value (PLLA and PLDLA have similar densities, ρ=1.27 g/cm3)22,34. Equation 
2 gives the CNC mass fraction (FMi) in the nanocomposite, where Mi is the mass of 
component i and Mt is the total mass of the system: 
 
𝜙𝑚 = (
0.7
𝐿
𝐷
) (
ρc
𝜌𝑡
)        (1) 
 
𝐹𝑀𝑖 =
𝑀𝑖
𝑀𝑡
            (2) 
 
4.1.5 In vitro degradation of PLLA, PLDLA and their nanocomposites 
In vitro degradation of polymer films was carried out according to ASTM 
F1635-11. Films with ca. 70 mg (3 x 2 cm) were previously dried in a desiccator for 
24 h and had their initial weight determined. They were then placed inside closed 
glass tubes containing 15 mL of phosphate buffer solution (pH = 7.4) and kept at 37 ± 
1°C for 30, 60, 90 or 120 days. After this period of degradation, films were washed 
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with distilled water, dried for approximately 24 h in air and another 24 h in a 
desiccator under vacuum and had their final weigh determined to calculate the mass 
loss as a function of the degradation time.  
 
4.1.6 Nanocomposite characterization 
Tensile strength test: performed in an Instron test machine (EMIC 23-20), 
according to ASTM D882-12. Polymer films (150 x 20 mm) were previously kept at 23 
± 2 °C and 50% humidity for 40 h and then stretched at a constant speed (50 
mm/min), using an initial distance of 100 mm between the holding grips. A total of 
five replicates were tested per sample. 
Field emission scanning electron microscopy (FESEM): Cryogenic 
fractures of PLLA and PLDLA nanocomposites were imaged in a Quanta 250 
microscope (FEI, Hillsboro, USA), operating at 3 kV. Prior to imaging, samples were 
dried in a desiccator for 24 h and coated with an Au/Pd film (ca.16 nm) using a Baltec 
MD20 metallizer (Oerlikon-Balzers, Liechtenstein), operating at 13 mA for 70s. 
Differential scanning calorimetry (DSC): Samples weighing ca.17 mg were 
analysed in the equipment of TA Instruments model MDSC 2910. Samples were 
heated to 200 °C (first heating) and kept in isotherm for 5 min until complete melting; 
then, they were cooled to -20 °C (cooling) and maintained at this temperature for 5 
min, before being reheated to 200 °C (second heating). Heating and cooling steps 
were performed at 10 °C/min and in argon atmosphere. Crystallinity index was 
calculated from melting enthalpies obtained in the second heating of DSC analysis, 
and using 93.7 J/g as the melting enthalpy of the PLA 100% crystalline (ΔHm°), as 
previously reported35.  
 
4.2 RESULTS AND DISCUSSION 
Figure 4.1 shows photographs of the nanocomposites of PLLA (Figure 4.1 
(a)) and PLDLA (Figure 4.1 (b)) prepared with cellulose nanocrystals (CNC) or CNC 
treated with Tween 20 (CNC-T20) at concentrations of 1%, 2.5% and 5% (w/w). The 
surfactant Tween 20 was incorporated in the mixture to avoid the formation of 
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nanocrystal agglomerates, which act as stress concentrators and decrease the 
mechanical properties of the nanocomposites13,25,30. The hydrophilic portion of the 
surfactant should adsorb on the surface of the nanocrystals, while its hydrophobic tail 
finds adequate solvency conditions in the apolar or medium polar regions in the 
polymer, preventing or reducing the aggregation of the CNC through steric 
stabilization26,36,37. 
Both in PLLA and PLDLA nanocomposites, CNC-T20 are more easily 
dispersed in the polymer matrix than raw CNC. As it can be seen in Figure 4.1 (a, b), 
macroscopic agglomeration points can be seen in the films, as the ones indicated by 
the black arrows, but in PLLA, the presence of the agglomerates is noticed only in 
the films that do not contain surfactant (Figure 4.1 (a)). In PLDLA, part of the CNC 
agglomerates persists even in the presence of the surfactant.  
It is also important to remember here that PLLA films presented in Figure 
4.1(a) were prepared using a mixture of dichloromethane and chloroform, while the 
PLDLA films in Figure 4.1(b) were prepared only with chloroform. The preparation 
procedure had to be altered, since PLDLA films showed macroscopic phase 
separation when prepared using the solvent mixture, probably due to the 
polydispersity of the polymer and the presence of chain segments with different 
solubilities.  
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Figure 4.1 Photographs of polymer and nanocomposite films with CNC and CNC-
T20: (a) PLLA and (b) PLDLA.  
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4.2.1 Mechanical properties of the films 
4.2.1.1 PLLA nanocomposites  
Figure 4.2 shows tensile strength, Young’s modulus and elongation at 
break for PLLA nanocomposite films with CNC and CNC-T20. Regarding the tensile 
strength, it is possible to observe that the simple mixing of the nanocrystals with the 
polymer matrix in the absence of Tween 20 does not result in improved mechanical 
properties; on the contrary, the tensile strength decreases as the CNC content 
increases (Figure 4.2 (a)). The loss of the mechanical properties is related to the low 
interfacial adhesion and aggregation of nanocrystals in the polymer matrix in the 
absence of tween 20, as shown in Figure 4.1(a). As already discussed, these 
aggregates act as stress concentrators, creating fragile spots in the film. The addition 
of the surfactant Tween 20 improved the nanocrystal dispersion in the film and also 
their tensile strength. While the pure PLLA film showed a tensile strength of 40 ± 3 
MPa, this value increased to ca. 50 MPa in samples containing 1% or 5% of CNC-
T20 (PLLA-NC1%-T20), which corresponds to a 25% increase in the tensile strength 
of the nanocomposite as compared to the pure PLLA. It is worth mentioning that the 
Tween 20 content is equal to the CNC content in the nanocomposites and that it 
increases then with the amount of CNC (Table 4.2).  
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Figure 4.2 (a) Tensile strength, (b) Young’s modulus and (c) elongation at break of 
pure PLLA and its nanocomposites with CNC or CNC-T20 at concentrations of 1%; 
2.5% and 5% (w/w). (See Table 4.2) 
The variations in Young’s modulus of pure PLLA films in comparison to 
nanocomposites are relatively small as shown in Figure 4.2(b). The most significant 
increase in modulus, considering error bars, is observed in sample PLLA-NC5%-T20, 
which presented a Young’s modulus of 2210 ± 150 MPa, against 1640 ± 230 MPa in 
pure PLLA (a 35% increase). The presence of surfactant can be noticed in all the 
nanocomposites, where the addition of Tween 20 resulted in higher values of 
Young’s modulus, as compared to the respective nanocomposites without surfactant.  
In terms of elongation at break, a pronounced increase is observed when 
Tween 20 is added directly to PLLA matrix in the absence of CNC (PLLA-T20). In this 
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case, the elongation at break increased from 3.6 ± 0.2% in the PLLA film to 66 ± 11% 
in the PLLA-T20, showing that the surfactant acts as a plasticizer for the PLLA 
polymer matrix38. Representative stress-strain curves for PLLA and its 
nanocomposites are presented in the Supplementary Material (Figure S1). 
Tween 20 is a non-ionic and non-toxic surfactant that can be thus used to 
reduce the fragility of PLLA, improving their mechanical properties for different 
applications. Different types of plasticizers have been used to increase PLLA 
flexibility, including citrate esters39, fatty acid40, poly(ethylene glycol) (PEG)40 and 
oligomeric lactic acid41. For biomedical applications, however, these additives need 
to be non-toxic and miscible with the polymer matrix, avoiding migration and possible 
phase separation42.  
 
4.2.1.2 PLDLA nanocomposites  
Tensile strength, Young’s modulus and elongation at break of pure PLDLA 
and its nanocomposites with CNC-T20 are presented in Figure 4.3. Pure PLDLA has 
a tensile strength of 14.0 ± 4 MPa and a Young’s modulus of 845 ± 125 MPa. By 
incorporating 1% (w/w) of CNC-T20 into this polymer matrix, the tensile strength 
increased to 24.5 ± 0.7 MPa and the Young’s modulus to 1406 ± 53 MPa (Figure 4.3 
a, b), which corresponds to 77 and 66% of increase, respectively. In the 
nanocomposites produced with 2.5% and 5% (w/w) of CNC-T20, the tensile strength 
continued similar to the one of pure PLDLA, but the Young’s modulus increased to 
1120 ± 105 MPa and 1303 ± 115 MPa, as compared to pure PLDLA.  
Higher stiffness in these samples was followed by a decrease in the 
elongation at break from 32 ± 12.6 MPa in pure PLDLA to 2.5% in the sample with 
1% of CNC-T20; and to 2.2% and to 1.7%, in the samples with 2.5 and 5% of CNC-
T20, respectively (Figure 4.3 (c)). This balance between tensile strength and 
elongation is a phenomenon commonly reported in literature, when a material 
changes from a more ductile to a more brittle profile13,30.  
The addition of Tween 20 to the PLDLA matrix had an unusual and 
interesting behaviour, marked by an increase of 126% in the tensile strength and of 
94% in the Young’s modulus, associated to a reduction of elongation at break to 
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12%. This is the opposite of what was observed in the PLLA matrix, where the 
surfactant acted as a plasticizer, making the polymer more flexible. Plasticizers are 
low molecular weight (typically 300-600 Da) components that can occupy the 
intermolecular spaces between the polymer chains, reducing the secondary forces 
between them38. Thus, the three-dimensional organization of the polymer is altered 
by the presence of the plasticizer, reducing the energy required for molecular 
movement. As a consequence, both the free volume and the molecular mobility 
increase38.  
Plasticizers are commonly added to the matrices in the proportion of (10-
60g/100g dry material), depending on the stiffness of the material43. At this high ratio, 
plasticizing action is observed, associated to a reduction in the Young’s modulus, in 
the tensile strength, and in the glass transition temperature and to an increase in the 
elongation at break. 
However, plasticizers at reduced concentrations (below 20g/100g dry 
material) may induce an antiplasticizer effect, leading to an increase in the stiffness 
of the material44. In this case, the Young’s modulus and the tensile strength will 
increase, while the elongation at break and the glass transition will reduce. The 
antiplasticizer effect has not been fully elucidated yet, but the presence of the 
plasticizer at low concentrations seem to be insufficient to increase the molecular 
mobility of the polymer chain44. The antiplasticizer effect is related to the inhibition of 
secondary relaxations45. 
The pronounced effect of Tween 20 addition to PLDLA makes it a more 
effective reinforcing agent to this polymer matrix than the CNC itself, as can be 
observed in Figure 4.3. Besides this, the CNC agglomerates observed in Figure 
4.1(b) showed the difficulties into dispersing CNC in this polymer matrix, which will 
certainly compromise the mechanical properties of the nanocomposites.  
The interactions between the Tween 20, PLLA and PLDLA were different 
probably because PLLA is a semi-crystalline polymer, while PLDLA is an amorphous 
polymer showing a higher content of amorphous fraction. In this case, the amount of 
surfactant used 1% (w/w) in the PLDLA was not enough to reduce the secondary 
forces of the amorphous fraction and increase its molecular mobility, on the contrary, 
it may have inhibited the secondary relaxations that occur in the polymer. 
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Figure 4.3 (a) Tensile strength, (b) Young’s modulus and (c) elongation at break of 
pure PLDLA and its nanocomposites with CNC-T20 at concentrations of 1%; 2.5% 
and 5% (w/w). 
 
4.2.2 Percolation threshold 
According to equation 1, the mass fraction of CNC at the percolation 
threshold (𝝓m) is equal to 0.023, theoretically, for PLLA and PLDLA 
nanocomposites. In this condition the nanocomposite should present a considerable 
increase in its mechanical properties. In the films prepared with Tween 20 (PLLA-
CNC1%-T20, PLLA-CNC2.5% -T20, PLLA-CNC5% -T20), the mass fraction of the 
CNC was equal to 0.01, 0.024 and 0.048, respectively. In these nanocomposites, the 
slight improvement in the mechanical properties, already discussed, can be attributed 
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to the better dispersion of the CNC in the PLLA and not the formation of a percolated 
network of cellulose nanocrystals in the polymer matrix. In the PLDLA, Tween 20 was 
not efficient in dispersing cellulose nanocrystals in this polymeric matrix. 
 
4.2.3 Morphology of the film fracture 
FESEM images of the fracture surface of the films prepared with PLLA 
and CNC with or without surfactant at concentrations of 1% (w/w) (PLLA-CNC1% or 
PLLA-CNC1%-T20); 2.5% (w/w), (PLLA-CNC2.5% or PLLA-CNC2,5%-T20) and 5% 
(w/w) (PLLA-CNC5% or PLLA-CNC5%-T20 ) are presented in Figure 4.4. PLLA 
composites with CNC presented a rough and irregular surface, typical of brittle 
materials, where the presence of irregularities and holes is more evident with the 
increasing content of CNC in the films. Differently, the fracture surface of films of pure 
PLLA and PLLA with surfactant (PLLA-T20) were smoother, in accordance with the 
plasticizing action of the surfactant in these samples. PLLA-T20 also contained small 
pores distributed throughout the film, which are probably related to the formation of 
small air bubbles due to the presence of the surfactant (Figure 4.4 (b)). Larger pores 
could also be observed in one of the surfaces of the films, as observed in Figure 4.4 
(a, c-h), but these dried bubbles were concentrated on the surface and did not 
appear in the interior of the films. Superficial pores were formed during drying, 
probably due to the presence of moisture46. 
The irregular fracture obtained in PLLA-CNC (Figure 4.4 (c, e, g)) films 
may also indicate low compatibility between the nanocrystals and the polymer matrix 
and are in accordance with the results obtained for the Young’s modulus and the 
tensile strength of these films, as previously discussed (section 4.3.1). On the other 
hand, the smoother surfaces observed in films prepared with nanocrystals and 
Tween 20 (CNC-T20) (Figure 4.4 (d, f, h)) indicate that the surfactant contributed as 
a dispersing agent for the nanocrystals and a surface compatibilizer, which is in 
agreement with the improved tensile strength and Young’s modulus of these 
samples, as compared to pure PLLA (section 4.3.1).  
Figure 4.5 shows FESEM images of the surface of PLDLA films and of 
their composites (on the left) and also imagens of the cryogenic fractures of these 
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films (on the right). CNC was used in these preparations only in its version modified 
with surfactant (CNC-T20). Films prepared with PLDLA only or PLDLA-T20 showed a 
smooth surface (Figure 4.5 (a, c)), while a more irregular surface appears in the 
presence of CNC-T20 (Figure 4.5 (e, g, i)). The rough surface is probably a 
consequence of the agglomeration of nanocrystals in the polymer matrix, which 
occurs in the samples with CNC concentrations of 1, 2.5 and 5% (w/w). 
The fracture surface of all PLDLA films are quite irregular and exhibit 
sharp edges, except for pure PLDLA. These irregular fractures are typical of a brittle 
material, and also a consequence of the presence of large CNC agglomerates 
(Figure 4.5 (f, h, j)), which were also visible macroscopically in the films (Figure 
4.1(b)). FESEM images indicate thus that Tween 20 was not efficient in the 
dispersion and adhesion of the nanocrystals to the polymer matrix, as used in this 
work. In spite of this poor morphological characteristics, a significant increase in 
tensile strength and in Young’s modulus could be verified in these nanocomposites, 
which can be attributed in part to the antiplasticizer action of the surfactant. Besides 
this, a fraction of the CNC may be properly dispersed in the matrix, contributing to its 
reinforcement.  
The differences in the degree of dispersion of the CNC-T20 observed on 
the surface fractures of the PLLA (Figure 4.4 (d, f, h) and PLDLA (Figure 4.5 (f, h, j)) 
nanocomposites, may be caused by the different ways of preparing these films. In 
the case of PLDLA nanocomposites, the dispersion of the CNC-T20 was hampered, 
since only chloroform was used as a dispersing agent for the nanocrystals. 
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Figure 4.4 FESEM images of cryogenic fractures obtained in PLLA nanocomposite 
films with CNC or CNC-T20 at different concentrations: (a) 0% (pure polymer); (b) 0% 
(polymer with surfactant only); (c, d) 1%; (e, f) 2.5%; and (g, h) 5%. Inserts on the 
upper right part of the images show amplified regions. 
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Figure 4.5. FESEM images obtained on the upper surface or in the cryogenic 
fracture in PLDLA nanocomposite films with CNC-T20 at different concentrations: (a, 
b) 0% (pure polymer); (c, d) 0% (polymer with surfactant only); (e, f) 1%; (g, h) 2.5%; 
(I, j) 5%. Images on the left (a, c, e, g, i) show images of the film surface and on the 
right (b, d, f, h, j), cryogenic fractures. 
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4.2.4 Thermal properties  
The semi-crystalline structure of PLLA is clearly shown in DSC 
thermograms of the 2nd heating for samples prepared both in the presence (Figure 
S3 (b)) and in the absence of surfactant (Figure S3 (d)). The glass transition 
temperature (Tg) is attributed to the amorphous domains, while the endothermic 
peaks are specific for the melting of crystalline domains. In addition, the presence of 
an exothermic peak between the two previous thermal events reveals that a 
significant fraction of the amorphous chains was able to crystallize during the cooling 
step (Figure S3 (a, c)) and the second heating (Figure S3 (b, d)). All the samples 
(PLLA and PLLA composites prepared with or without surfactant) present similar 
profiles in cooling and in the second heating, except sample PLLA-T20, which did not 
crystallize in the second heating (Figure S3 (d)). 
Table 4.3 shows the temperatures, the enthalpies and the crystallinity 
index (CI) related to the thermal events of PLLA and its nanocomposites with CNC 
and CNC-T20. No significant changes in the glass transition (Tg) or in the melting 
temperature (Tm) are noticed in the samples containing CNC without surfactant, as 
already observed in other works involving the addition of nanocrystals in PLA22,47. In 
the films with surfactant (PLLA-T20) and in the nanocomposites produced with CNC-
T20, a slight decrease in Tg was observed (Table 4.3). This can be attributed to the 
presence of surfactant in the films, which acted as a plasticizing agent, increasing the 
molecular mobility of the amorphous phase.  
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Table 4.3 Glass transition (Tg), crystallization (Tc), and melting (Tm) temperatures, 
enthalpies of crystallization (ΔHc) and melting (ΔHm) and crystallinity index (CI/%) of 
the PLLA nanocomposites obtained by DSC during the cooling and the second 
heating. 
 Cooling 2nd Heating 
Samples 
Tc/ °C ∆Hc/
J/g 
Tg/°C Tc/°C Tm/°C 
∆Hc/ 
J/g 
∆Hm/
J/g 
CI/
% 
PLLA  95 8 59 103 178 24 51 55 
PLLA-T20 95 29 54 101 179 2 54 54 
PLLA-CNC1% 95 12 60 104 178 18 52 55 
PLLA-CNC2.5% 94 18 57 100 177 11 51 53 
PLLA-CNC5% 94 15 62 101 178 15 54 55 
PLLA-CNC1%-T20 86 8 48 92 174 22 44 47 
PLLA-CNC2.5%-T20 94 17 56 97 177 13 55 56 
PLLA-CNC5%-T20 92 22 53 92 176 8 51 49 
 
The presence of surfactant in PLLA (PLLA-T20) also facilitated its 
crystallization during the cooling, as can be observed by the Hc values in Table 4.3, 
which increased significantly in the cooling and decreased in the second heating. 
Also, in DSC curves in Figure S3, the exothermic crystallization peak becomes 
pronounced in cooling and almost disappears in the second heating. In the case of 
surfactant, however, it may not be acting as a nucleating agent but altering the 
mobility of the polymer chains, which is more in accordance with the results from 
mechanical tensile tests. The presence of CNC or CNC-T20 did not promote 
significant changes in the indexed crystallinity of nanocomposites when compared to 
pure PLLA. 
For PLDLA, DSC analyzes showed the amorphous nature of this polymer 
when pure or as a matrix in the nanocomposites with CNC-T20. Thermograms in 
Figure S4 did not show significant crystallization or melting events for any of the films 
during cooling or in the second heating. However, an endothermic event can be 
observed at 138 °C, whose enthalpy of melting (ΔHm) ranged from (2-3 J/g). This low 
ΔHm is related to the presence of traces of crystallinity and can be attributed to the 
formation of small crystallites in PLDLA35. In the cooling thermogram, a slight 
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crystallization event also occurred at 88°C. As observed both in the thermograms 
and in the temperatures and enthalpies presented in Table 4.4, CNC-T20 did not 
alter the thermal properties of PLDLA, except by a slight decrease in Tg that 
occurred for all the films in the presence of the surfactant. Tg of PLDLA occurred at 
52 °C, which is in agreement with the values previously reported in the literature35.  
 
Table 4.4 Glass transition (Tg), crystallization (Tc) and melting (Tm) temperatures, 
enthalpies of crystallization (ΔHc) and melting (ΔHm) of the PLDLA nanocomposites 
obtained by DSC during the cooling and the second heating. 
SAMPLES 
Cooling 2nd Heating 
Tc/°C ∆Hc/J/g Tg/°C Tm/°C ∆Hm/J/g 
PLDLA 87 1 52 138 2 
PLDLA-T20 88 1 49 132 2 
PLDLA-CNC1%-T20 88 1 49 137 2 
PLDLA-CNC2.5%-T20 89 2 49 134 3 
PLDLA-CNC5%-T20 87 1 49 136 2 
 
4.2.5 In vitro degradation 
 
4.2.5.1 Macroscopic analysis of the films after 120 days of degradation 
The visual appearance of PLLA and PLDLA films and of their composites 
with CNC-T20 before and after different degradation periods can be seen in Figure 
4.6. Prior to degradation, PLLA is a semi-crystalline polymer, with an opaque surface, 
as well as the films containing nanocrystals (Figure 4.6 (a)). On the other hand, pure 
PLDLA is amorphous and transparent (Figure 4.6 (b)), though it also became 
opaquer as the content of CNC-T20 increased. At the end of each in vitro 
degradation step that lasted for 30, 60, 90 or 120 days, films became twisted or 
fragmented, depending on the sample. In the case of PLDLA, they also became 
whitish when compared to the starting material, probably due to recrystallization of 
the polymer during degradation48. 
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Figure 4.6. Photographs of the polymer films and their nanocomposites with CNC-
T20, before and after 30, 60, 90 and 120 days of degradation: (a) PLLA and (b) 
PLDLA. 
 
After 120 days of degradation, samples PLLA-T20, PLLA-CNC1%-T20, 
PLLA-CNC2.5%-T20, and PLLA-CNC5%-T20 are fragile to handle and fragmented 
(Figure 4.6 (a)), thus differing significantly from PLLA that appears to be only slightly 
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twisted. This result shows that the presence of the surfactant or of the nanocrystals 
treated with surfactant are enhancing PLLA degradability. On the other hand, 
samples PLDLA-CNC1%-T20, PLDLA-CNC2.5%-T20, and PLDLA-CNC5%-T20 
appear to be more resistant to degradation than pure PLDLA or PLDLA-T20. PLDLA 
samples containing CNC became only whitish and twisted, indicating that the 
presence of nanocrystals may be attenuating the PLDLA degradation process. In 
both cases, nanocrystals seem to be a possible alternative to modulate the 
degradation properties in these two polymer matrices. 
 
4.2.5.2 Mass loss  
The mass loss of PLLA and PLDLA and their nanocomposites with CNC-
T20 was followed as a function of the degradation time (Figure 4.7). After 120 days of 
degradation, PLLA films with or without Tween 20 lost only 4% of their initial mass, 
while nanocomposites in the same period lost around 2-3% (w/w), as can be seen in 
Figure 4.7(a). It is important to highlight, however, that this small mass loss was 
enough to result in a very fragmented morphology in PLLA-CNC-T20 
nanocomposites. 
PLLA degradation occurred thus very slowly, as also observed by Tian et 
al.,49 and Sadeghi et al.50. The degradation process of aliphatic polyesters such as 
those derived from PLA occurs via the following steps: (1) water permeation in the 
polymer matrix, (2) hydrolytic cleavage of the ester linkages, and (3) diffusion of the 
degradation products into the aqueous medium. In semi-crystalline polymers such as 
PLLA, the water permeation step is delayed, which slow the degradation of this 
polymer. Tween 20 is present in nanocomposites at a level equal to that of 
nanocrystals (1, 2.5 and 5%, according to Table 4.2), and the leaching of the 
surfactant during the process may also have contributed to the loss of mass of the 
films. 
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Figure 4.7 Remaining mass as a function of time under in vitro degradation in 
phosphate buffer for nanocomposites of: (a) PLLA and (b) PLDLA. 
 
De Paula and collaborators51 evaluated the mass loss of PLLA and its 
nanocomposites produced with acetylated CNC at concentrations of 1 and 5% (m/m), 
and they also observed a decrease in degradation and mass loss in the presence of 
the nanocrystals. The authors attributed this phenomenon to the hydrophobic 
character of acetylated CNC, which reduces the water permeation in the 
nanocomposite. Fortunati and collaborators29 found that surfactant-modified CNC 
incorporated at a 1% (w/w) content of in PLA reduced in 34% the water permeation in 
comparation to the pure polymer. Films produced with unmodified CNC also showed 
barrier properties but inferior than those in the presence of the surfactant. In the case 
of the nanocrystals treated with surfactant, the hydrophilic part of the surfactants 
adsorbs on the surface of the nanocrystals, while the hydrophobic tail points towards 
the polymer matrix.  
In the case of PLDLA, the mass loss after 120 days of degradation was 
relatively higher than for PLLA. Pure PLDLA films and sample PLDLA-T20 lost 15% 
and 17% of their initial mass, respectively, while the nanocomposites lost around 7-
11% (w/w) in the same period (Figure 4.7 (b)). This is related to the degradation 
mechanism of poly (α-hydroxyacids), which is faster in the amorphous than in the 
crystalline domains, and also faster in the inner parts of the polymer piece, as 
compared to the surface, due to acid autocatalysis. In addition, PLDLA is able to 
recrystallize during degradation, as confirmed by DSC data in the following sections, 
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which is an important factor to PLDLA low mass loss. In the case of nanocomposites, 
the presence of aggregates of nanocrystals may also make difficult the water uptake, 
thus reducing the loss of mass in these films. 
 
4.2.5.3 Thermal properties of polymer nanocomposites before and after 120 
days of in vitro degradation. 
Changes in thermal properties due to degradation events were evaluated 
considering the first heating cycle in DSC. This first heating contains information on 
the crystallization that took place during the drying of the films and also during 
degradation in the case of degraded films. The crystallinity index calculated from 
these curves will then inform about the thermal history of the samples and their 
processing characteristics. The values of Tg and Tm, melting enthalpy (ΔHm) and 
crystallinity index (CI%) of the PLLA nanocomposites obtained in DSC 1st heating 
before and after 120 days of in vitro degradation are presented in Table 4.5. DSC 
thermograms from where these values where obtained are shown in Figure S5. 
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Table 4.5 Glass transition (Tg), melting temperatures (Tm) and melting enthalpy 
(ΔHm) and crystallinity index (CI/%) of the PLLA nanocomposites obtained by DSC 
during the first heating before and after 120 days of in vitro degradation. 
1st heating 
Sample Tg °C Tm/°C ΔHm/ 
J/g 
CI/% 
0 days 
PLLA 53 178 38 41 
PLLA-T20 55 178 42 42 
PLLA-CNC1%-T20 53 174 38 40 
PLLA-CNC2.5%-T20 53 178 43 43 
PLLA-CNC5%-T20 55 177 41 40 
120 days 
PLLA 59 180 54 56 
PLLA-T20 59 174 63 63 
PLLA-CNC1%-T20 56 174 59 62 
PLLA-CNC2.5% -T20 63 171 67 68 
PLLA -CNC5% -T20 60 174 63 60 
 
Data from the DSC thermograms (1st heating, Table 4.5) of PLLA and its 
nanocomposites demonstrate that glass transition increased from 53 °C – 55 °C prior 
to degradation in different sample to 56 °C – 63 °C after degradation. The melting 
temperature of the films before degradation occurred between 174°C – 178 °C, 
systematic modifications after degradation could not be observed. The enthalpy of 
melting, which ranged from 40 - 43 J/g increased to 56 - 68 J/g after 120 days of in 
vitro degradation. In turn, CI increased from 40 - 43% to 56 – 68% after degradation, 
thus indicating that PLLA crystallized during the process. This same increasing trend 
were observed in the second heating data (Table S1), except that a crystallization 
peak appears in the samples before degradation in this second heating. 
This increase of the crystalline phase in PLLA during the in vitro 
degradation is discussed in two distinct ways in the literature52. Most authors propose 
that the increase is caused by the recrystallization of shorter chains of the polymer 
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generated during degradation53,54. However, other authors suggest that the higher 
crystallinity derives from the removal of the amorphous phase, following the 
hydrolysis of the ester linkages, which results in higher percentage of the crystalline 
phase55,56. 
In the case of PLDLA, DSC thermograms of the 1st heating showed only a 
glass transition and no crystallization or melting events, confirming the amorphous 
nature of PLDLA (Table 4.6). After 120 days of degradation, crystallites were formed 
in all the films, with a melting temperature around 120 C and an enthalpy that varied 
from (7.5 – 30.7 J/g) (Table 4.6). This result indicated polymer crystallization during 
degradation. According to Motta and collaborators35, after hydrolysis of the ester 
bonds, the size of the polymer chains is reduced and they gain mobility, which 
facilitates their crystallization during in vitro degradation. DSC thermograms of the 1st 
heating of PLDLA and its nanocomposites with CNC-T20 before and after 120 days 
of in vitro degradation are shown in Figure S5. 
Further analysing the melting enthalpies of PLDLA samples in Table 4.4, it 
is possible to noticed that PLDLA and PLDLA-T20 presented higher melting 
enthalpies (31 J/g and 25 J/g, respectively), than the nanocomposites PLDLA-
CNC1%-T20 (7 J/g), PLDLA-CNC2.5%-T20 (13 J/g), and PLDLA-CNC5%-T20 (10 
J/g). This is in accordance with the lower degradation levels observed in the 
presence of CNC in these samples (mass loss in Figure 4.7) and can be probably 
assigned to the limited water permeation in the presence of CNC or of their 
aggregates. However, the presence of these aggregates did not prevent the 
recrystallization of the PLDLA. 
From the DSC thermograms of the 2nd heating for PLDLA samples 
(Figure S6), it is interesting to observe that the Tg of PLDLA and PLDLA-T20 before 
degradation were found to be 54 °C and 49 °C, respectively, and they were reduced 
to 26 °C and 28 °C, respectively, after 120 days of degradation (Table S2 in 
supplementary material). Since Tg is the temperature at which the amorphous 
fraction acquires mobility, this result indicates that shorter PLDLA chains are formed 
during degradation, thus requiring less energy to perform these motions. In the case 
of PLDLA nanocomposites (Table S2), there are no significant changes in the Tg of 
156 
CHAPTER 4 - EFFECT OF CELLULOSE NANOCRISTALS MODIFIED WITH SURFACTANT ON THE MECHANICAL 
PROPERTIES AND DEGRADABILITY OF PLLA AND PLDLA 
 
the polymer when compared to PLDLA and PLDLA-T20, corroborating the 
observation that the CNC treated with Tween 20 inhibited the degradation of PLDLA. 
Based on DSC data from the first heating before degradation (0 days), it 
was observed that the increase in the CNC-T20 content in PLLA (Table 4.5) and 
PLDLA (Table 4.6) did not promote an increase in the crystallinity index of the 
nanocomposites. Therefore, this property did not contribute to the improvement of 
the mechanical properties of the films. So that the reinforcing effect on 
nanocomposites can be attributed mainly to the presence of cellulose nanocrystals 
treated with Tween 20. 
Table 4.6 Glass transition (Tg) and melting temperatures (Tm) and melting enthalpy 
(ΔHm) of the PLDLA nanocomposites obtained by DSC during the 1st heating before 
and after 120 days of in vitro degradation. 
1st heating 
Samples Tg/°C Tm/°C ∆Hm/J/g 
0 days 
PLDLA  51 - - 
PLDLA-T20 44 - - 
PLDLA-CNC1%-T20 43 - - 
PLDLA-CNC2.5% -T20 50 - - 
PLDLA-CNC5% -T20 53 - - 
120 days 
PLDLA  54 120 31 
PLDLA-T20 49 122 25 
PLDLA-CNC1%-T20 54 123 7 
PLDLA-CNC2.5% -T20 53 123 13 
PLDLA-CNC5% -T20 52 123 10 
 
4.2.5.4 Morphologies of the nanocomposite fracture after in vitro degradation  
Figure 4.8 shows FESEM images of the cryogenic fractures of PLLA, 
PLLA-T20 and its nanocomposites after 120 days of in vitro degradation. Fractures 
exhibit a dense morphology after degradation, indicating that nor Tween 20 neither 
CNC-T20 changed the degradation dynamics of PLLA after 120 days.  
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Figure 4.8 FESEM images of cryogenic fractures obtained in PLLA nanocomposite 
films after 120 days of degradation, using different CNC-T20 concentration: (a) 0% 
(pure PLLA); (b) 0% (PLLA-T20); (c) 1%; (d) 2.5%; and (e) 5%. 
Differently, FESEM images obtained for PLDLA films after 120 days of in 
vitro degradation showed the formation of a porous morphology, especially in the 
films without CNC-T20 (Figure 4.9). In the presence of the nanocrystals, PLDLA 
nanocomposites are still porous, but the porosity decreased as compared to pure 
PLDLA and PLDLA-T20. By analyzing the samples PLDLA-CNC1%-T20, PLDLA-
CNC2.5%-T20, and PLDLA-CNC5%-T20, it is also possible to observe that the 
porosity of these films decreased with the increase in the CNC-T20 content. The 
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addition of CNC enhances the barrier properties of the polymers, since the transport 
of substances throughout the polymer film depends on the tortuosity of the path. The 
improvement in barrier properties of the nanocomposite films depends on factors 
such as aspect ratio, dispersion, adhesion and content of the CNC in the polymer 
matrix, as well as the capacity of the filler to retain the permeant or to induce 
crystallization of the polymer57,58. 
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Figure 4.9 FESEM images obtained on the upper surface or in the cryogenic fracture in 
PLDLA nanocomposite films with CNC-T20 at different concentrations and after 120 days of 
in vitro degradation: (a,b) 0% (pure polymer); (c, d) 0% (polymer with surfactant only); (e, f) 
1%; (g, h) 2.5%; (i, j) 5%. Images on the left (a, c, e, g and i) show images of the film surface 
and on the right (b, d, f, h, j), cryogenic fractures. 
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4.4 CONCLUSION 
Cellulose nanocrystals treated with the surfactant Tween 20 (CNC-T20) 
improved the mechanical properties of PLLA as they were incorporated in the 
polymer. CNC-T20 mainly increased tensile strength, reduced elongation at break 
and had little effect on PLLA elastic modulus. However, surfactant alone acted as a 
plasticizer in PLLA, increasing its elongation at break. Tween 20 alone also 
increased the tensile strength and Young’s modulus of PLDLA and was less effective 
in CNC dispersion in this polymer matrix. CNC-T20 and Tween 20 increased the 
degradation of PLLA nanocomposite, promoting the fragmentation of the films after 
120 days of in vitro degradation. DSC analyses showed that both PLLA, PLDLA and 
their nanocomposites recrystalize during in vitro degradation. On the other hand, the 
addition of CNC-T20 enhanced the barrier properties of the PLDLA avoiding its 
fragmentation. Thus, it is possible to improve the mechanical properties and 
modulate the degradability of PLLA and PLDLA incorporating CNC-T20 or Tween 20. 
This study promoted lignocellulosic biomass valorization, producing sustainable, 
biocompatible, bioresorbable and non-toxic nanocomposites, with perspective 
applications in tissues engineering.  
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Mechanical properties of the films: Stress-strain curves for PLLA and PLDLA 
composites 
Figure S1(a) shows representative stress-strain profiles obtained 
considering 5 replicates for PLLA and its nanocomposites. Figure S1(b) is an 
amplification of (Figure S1(a)) in the lower strain range (below 6%). Pure PLLA 
without T20 has a brittle character, while PLLA-T20 is ductile, with a much higher 
elongation before breaking. Films produced with CNC-T20 also presented a brittle 
character, more similar to pure PLLA, but with higher tensile strength. 
 
 
 
Figure S1 Stress-strain curves of PLLA and its composites with CNC-T20 at different 
concentrations. In (b), an amplification in the lower strain region (below 6%) is 
shown. 
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Figure S2 (a) shows representative stress-strain curves obtained for 
PLDLA and its nanocomposites, also chosen within 5 replicates and with amplified 
curves in Figure S2 (b). In this case, pure PLDLA presents higher elongation than all 
the other samples. In the presence of T20, PLDLA showed higher tensile strength 
and intermediate elongation between pure PLDLA and the nanocomposites. 
Nanocomposites showed higher tensile strength and elongation, as compared to 
pure PLDLA, but lower elongation than pure PLDLA or PLDLA with surfactant. 
 
 
Figure S2. Stress-strain curves of PLDLA and its composites with CNC-T20 at 
different concentrations. In (b), an amplification in the lower strain region (below 
10%) is shown. 
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Thermal properties of polymer nanocomposites of PLLA and PLDLA before 
and after 120 days of in vitro degradation. 
 
 
Figure S3. DSC thermograms of the cooling and the second heating of PLLA and its 
nanocomposites with CNC (a, b) and CNC-T20 (c, d). 
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Figure S4: DSC thermograms of the cooling (a) and the second heating (b) of 
PLDLA  and its nanocomposites with CNC-T20. 
 
Figure S5. DSC thermograms of the 1st heating of PLLA and its nanocomposites 
with CNC-T20: before (a) and after 120 days (b) of in vitro degradation. 
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Figure S6. DSC thermograms of the 1st heating of PLDLA and its nanocomposites 
with CNC-T20: before (a) and after 120 days (b) of in vitro degradation. 
 
Table S1. Glass transition (Tg), crystallization (Tc) and melting (Tm) temperatures, 
enthalpies of crystallization (ΔHc), melting (ΔHm) and crystallinity index (CI/%) of the 
PLLA nanocomposites obtained by DSC during the second heating before and after 
120 days of in vitro degradation. 
 
2nd heating 
Samples Tg/°C Tc/°C Tm/°C ∆Hc/J/g ∆Hm/J/g CI% 
0 days 
PLLA  59 103 178 24 51 55 
PLLA-T20 54 101 179 2 54 54 
PLLA-CNC1%-T20 48 92 174 22 44 47 
PLLA-CNC2.5%-T20 56 97 177 13 55 56 
PLLA-CNC5%-T20 53 92 176 8 51 49 
120 days 
PLLA  60 100 177 9 65 69 
PLLA-T20 56 - 168 - 58 59 
PLLA-CNC1%-T20 56 - 175 - 61 64 
PLLA-CNC2.5%-T20 58 - 167 - 65 66 
PLLA-CNC5%-T20 57 - 170 - 60 58 
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Table S2 Glass transition (Tg) and melting temperatures (Tm) and melting enthalpy 
(ΔHm) of the PLDLA nanocomposites obtained by DSC during the 2nd heating 
before and after 120 days of in vitro degradation. 
2nd heating 
Samples Tg/°C Tm/°C ∆Hm/J/g 
0 days 
PLDLA  52  - 
PLDLA-T20 50 132 2 
PLDLA-CNC1%-T20 50 137 2 
PLDLA-CNC2.5%-T20 49 134 3 
PLDLA-CNC5%-T20 49 136 2 
120 days 
PLDLA  26 - - 
PLDLA-T20 28 - - 
PLDLA-CNC1%-T20 50 - - 
PLDLA-CNC2.5%-T20 49 - - 
PLDLA-CNC5%-T20 49 - - 
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